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PREFACE. 



This book contains the substance of my lectures upon Trussed 
Bridges and Roofs as given to the senior class in civil engineer- 
ing in the University of Michigan. They were mostly delivered 
extempore, but in preparing them for publication I have fol- 
lowed the same order and treated of the same subjects as were 
given to the class, excepting that in the lectures the problems 
pertaining to " Minimum Material " were omitted. 

The lectures were intended to give to the student a correct 
knowledge of the elements of the subject. There was but a 
slight attempt to treat of the details of the several trusses which 
were considered. Indeed it is generally unprofitable to treat 
of isolated details in the class-room. As a general rule, only 
such subjects should be taught in technical courses as admit of 
classified principles. The conditions which determine aU the 
qualities of a " detail " are so infinitely varied that only general 
rules can be given for their construction. I am aware, how 
ever, that much more can profitably be done in this direction 
tlian has been here attempted. 

During the lectures I often suggested problems as exercises 
for the students. Some of these I have entered in the body of 
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the work, and I have with pleasure given credit to those stu- 
dents who first solved them. 

I have not been able to prepare in time for this book the lec- 
tures upon Tubular and Suspension Bridges and Arches. 

De V. W. 

flOBOKEH, N. J^ Jan, lia 181S. 
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FOEMULAS PERTAINING TO STRAINS ON SINGLE 

PIECES. 

1, — ^iNTROBiT€TORT REiHiLRK. — In proportioning bridges 
and roofs, and other similar mechanical structures, we generally 
assume, at first, that the several parts are reduced to physical 
rigid lines, and the several stresses to which they are to be sub- 
jected are determined on statical principles, witho^^'t regard to 
the sizes of the pieces which are to be used. After the stresses 
have been determined, the several pieces are proportioned to 
resist those stresses. The size of each piece may thus be deter- 
mined separately, without any reference to the size or position 
of the other pieces which compose the structure. We may 
therefore determine the formulas which are applicable to single 
pieces when they are subjected to different strains, without 
r^ard to the oflSce which they are to perform in a given struc- 
ture. This has been done for several of the more simple cases 
in the author's Mesiatance of Materials, 

Several of the fonnulas which are applicable to these cases 
are here brought together for convenience in use; for t;ie 
proof of which the reader is referred to the author's work 
above mentioned. Some other cases are also added with liieir 
accompanying demonstrations. 
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3, — NOTATION. — The following notation is used, whicli it 
here arranged alphabetically. 

A = the area of a transverse section of a piece. 
b = the breadth of a rectangular piece. 
O = the mod/ulu8 ofre^istanGe to cnishing. 
d = the depth of a rectangular piece. 
h = the weight of a cubic inch of volume. 
A = the maximum deflection of a piece which is bent. 
i/, = the distance of the most remote fibre from the neu- 
tral axis in a bent piece. 
Z> = the external diameter of a cylinder. 
D^ = the internal diameter of a hollow cylinder. 
E = the coeffideiit of elasticity for a longitudinal stress. 
Ef = the coefficient of elasticity for transverse shearing 
stress^ the approximate value of which is = J jK 
/ = the moment of inertia of a section. 
^ = the length of a beam, column, or other simple pieces. 
M = the maximum moment of applied forces. 
J/^ = the general moment of applied forces. 
P = the load applied at a single point of a beam or otlier 

piece. 
r = the radius of a circle, and when it is external, let 
r, = the radius of the internal circle. 
M = the modulus of rupture in a bent beam. 
S = the modulus of rupture for transverse shearing stress. 
Sf = the total transverse shearing stress. 
T = the modulus of tenacity. 

w = the load per unit of length when it is uniformly dis- 
tributed. 
W = the total load on a beam. 
X == the variable abscissa. 

y = an ordinate perpendicular to the axis of the piece. 
For values of the moduli and coefficients, see Appendix. 

3» — CASK OF A HOBiaEONTAIi BSABE HFHICH IS FIXED AT 
ONB EXTBBJniTr AND HAS A DTEIGHT, P> BESTING UPON 
TlEIB FBEE BXTBEllilTT; aS in Fig. 1. 

The general moment of P is 

P , 
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Pig. 1. 

The maximum moment of P is 

PI. 

The general value of the transverse shearing stress is * 

S, = F. 
The dimensions of the beam to resist rupture may be found 
fi'om the formula 

PI = ___j and if the beam is ree- 

tangular we have 

Pl:= \RbcP (1) 

If the beam is rectangular the maximum deflection is 



Eb(P ■ EM 

AVTien the beam is long compared with the depth, we have 
with sufficient accuracy 

J = 4:-^ (2) 

Example. — A beam whose len^ is 13 feet is fixed at one end, free at the 
other, d = 4 inches, d = 12 inches, E = 1,000,000 pounds. Beqnired the 
weight at the free end which wiU deflect it two inches.! « 

4. — SUPPOSB: THiLT THS BEAIS IS FIXBD HORIZONTAIil^T 

AT one: s;ni>, is frkb: at tkb other, and has a i<oab 

UNIFOilBEIiY BISTRIBUTED OVER ITS WHOI^E I<ENGTH. — 

The beam may be fixed as shown in Figs. 2 and 3. 
The general moment of the load is 

* l^e general valne of the transyerse shearing stress is the first differential 
coefiicient of the general moment of applied forces in reference to a;. 

f When used as a text-book the student should be required to solve the ex- 
amples. The answers are purposely omitted. 
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Pig. 2. 



Fig. 8. 



The maximnin moment of the load is 

The general value of the transverse shearing stress is 

St = wx* 

The mazimiun shearing stress is 

S, = wl= W. 

The dimensions of lihe beam to resist rapture from transvene 
strain may be foond from the formula 

BI 



\Wl = 



^.' 



and if the beam is rectangular we have 

\Wl = \Rld* 



(3) 



If the beam is prismatic and rectangular, the maximum 
deflection is 



^=iS=+ 



Wl 



and if the beam is long compared with the depth, we have 
with sufficient accuracy 



J = | 



W7* 
Ebd' 



(4) 



BZAMFLB.— If E = 1,200,000 ponnds, E^ = 400,000 pounds, b = 9 indhes, 
4 =: 6 inohea^ / = 5 feet, and the load 20,000 ponnda uniformly distributed over 
the whole length, zequired the maximum deflection. Also the valuQ of jS in 
Eq.(8.) 
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S. — Msm TVE BBAIH BB BEORIZONTAIi, SVPPORTBD AT 
m SNIM AND A WBIGKT APPLIBB AT ANT POINT. FigS. 4 

and 5 represent the case. 





Fio. 4. 



Fio. 5. 



Let = ADj the distance of P from -4, then the general 
moment of jP between j1 and jD is ' 

^-*' " .(6) 



I 

and between J? and ^ it is 

l—x 



P». 



Pc 



I 



"♦(6) 



The maximnm moment of the load is at D, and is 

l-o 



I 



eP. 



(^ 



The general Talue of tiie transverse shearing stress between 
A andJ)a 



l-e 



I 



A 



and between D and j? it is 






If the beam is rectangular, its dimensions to resist rupture 
may be determined from the formula 

If 

The deflection of the beam at D is (omitting the sheai-ing 
resistance) 
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If c exceeds i ly the maximnm deflection will be between A 
and D; but if it is less it will be between D and -ff. In all 
cases may be taken on the end which exceeds ^ I, If it is so 
taken, the point of maximum deflection is 

V 8 {l^c) • ^ 
This value, snbstitnted in the following expression : 

P r T 

will give the maximum deflection. 

The expression thus becomes very complicated. The more, 
common case is that in which the load is at the middle of the 
beauL 

O. — LBT THB BEAK BE HOBIZOBTTAI*, 8UPPOKTEB AT 

ITS ENBs, AND SUSTAIN A i^oAB, P, placed at the middle. 
The general moment of P is 

iFx (8) 

The maximum moment is at the middle of the beam, and is 

IPl (9) 

The general value of the transverse shearing stress is 

^P (10) 

If the beam is prismatic and rectangular, we have for the 
dangerous section 

lPl = \Ehd^ (11) 

The maximum deflection of the beani is at the centre, and is 

^ = 4827 + o;i ^^^^ 

which becomes for rectangular beams 
and, by omitting the last term, beconies 

^=i£' (i*> 
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BxAHFLEa 1. — ^A beam whose length is 15 feet, is supported at its ends, 
and is to sustain a weight, P = 3,000 pounds, placed at the middle. Eequiredi 
the breadth and depth, so that d cdiall be 46, and B = 1,000 pounds. 

2.— If I = 12 feet, 6 == 1 inch, d = 4 inches, E = 27,000,000 pofunds,. 
Et = \ E^ how much load placed at the middle will be required to deflect the. 
beam ^ of an inch ? 

T. — I4BT TUB BEAm BB KORtZONTAI* AND SUPPORTBB 
AT OK NBAR ITS BXTBEMITIBS, ANB HATS A I<OA1> IJNl* 
FOBMIiY DISTBIBITTKB OTBB ITS WHOI<B IiBNGTH. 



f I 




^ 

C 

Pig. 6. 



The general moment of the load is 

it^(^i»-iB') ....(15) 

The maximum moment is at the middle of the beam, and is 

it^? = iTrZ .(16) 

The general value of the transverse shearing stress is 

\ wl—wx .(17) 

The maximum shearing stress is at the ends, and may be 
found by making iC=:Oora? = Zin the preceding expression ; 
hence its value is 

i wl or -i wl = +^ TT. . ..(18) 

K the beam is prismatic and rectangular, we have for the 
dangerous section 

i Wl=:\Rhd' ...(19) 

The maximum deflection is 

which for rectangular beams becomes 

32 Ebd^ ■•■ sFjbd^ ^'^' 

and by omitting the last term becomes 



32 ^'W ^^^> 
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BxAMPLB. — If a beam whose len^rUi, f s 10 feet, depth, d =sS hushes, 
breadth, b s= f inch, ooeffioient of elastioity, B =3 25,000,000 poiuids, is sup- 
ported at its ends and nnifonnly loaded ; zeqoired the deflectiou when the 
greatest strain on the fibres is 12,000 pounds per square inch. Use equations 
(19)aiid(2S). 



8. — I*Vr THB BBAM MB BWRIZONTAI4, FIXRD AT ONB 
BXTKBrnTX-, 81JFPORTBD AT THB OTHBB^ AND BEAVB A 

WBIGHT, P, AFPiiiBB AT AUT POINT* Figs. 7, 8, and 9^ 




Fig. 7 




Pig. 8. 




Fig. 0. 



To produce the greatest strain, P must be placed at a dis- 
tance of 0.634 of the length of the beam from A; or AD 
= 0.634 I. For this case the general moment of the load on 
D£iB 

-0.475 (Z-a?)P, 

and for the part j9 J. it is 

(0.159 I - 0.525 x) P. 

The maxinaun) moment of stress is 

OIU PI. 

The general value of the transveree shearing stress is 

Sa = 0.4T6 P for J)B, and 
= 0.526 i» for I>X 
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For prismatic rectangular beams we have for the dangerous 
section 

0.174 Pi = fiJJrf* .....(23) 

The maximum deflection (omitting shearing resistance) is at 
0.6045 I from Ay and is 

^^* (24) 



J = 0.00967 



Jil 



For rectangular beams, / = -^^bd*. 
For cylindrical beams, / = J tt /•*. 



9, — I<BT THB BEAin: BE KORIZONTAI*, FIXED AT ONE 
END, SVPPORTEB AT THE OTHER, AND VNIFORHIfY I<OAD« 
KD OYER 1T9 HTHOIiE I«EN«TH, 




Fig. 10. 



Fio. 11. 



(25) 



The general moment of stress is 

3€^ = i t^aj (4a5— 3Z) 

The maximum moment of stress is 

M=:iWl (26) 

The general value of the transverse shearing stress is 

St = wx — f wl. 
The maximum shearing stress is at J?, and equals 

For the dangerous section, for prismatic rectangular beams 
we have 

iFZ = ii?Jrf* (27) 

The maximum deflection is 






(28) 



QuBflTiONS. — How do68 the maximtLin deflection in this case compare with 
that in Article 7 for the same load ? In which case is the beam most liable to 
break f In which case is the shearing stress greater at the middle f 
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10, — I<BT THE BEAm BE HOBiaEONTALt FIXEB AT BOTH 
ENDS, AND A UTEIGHT BEST UPON IT AT. THE anDDl^r. 
POINT* 




Pig. 13. 
The general moment of stress is 

The maximum moment is at -4, or JBj or D, being the same 
for each point, and is 

Jtf"= ±i PI (29) 

The general value of the shearing stress is 

The dangerous section for prismatic beams is at A, or J?, or 
D, and for rectangular sections, we have 

iPl = ^JiM' (30) 

The maximum deflection is (omitting shearing stress) 

_r^^ (31) 

192^/ ^ •• --V ; 

11. — I<ET THE BEAJH BE HOBiaEONTAIi, FIXE0 AT Bi^TH 
ENBS, ANB A I.OAB UNIFOBHI^Y BISTBIBUTEB OTEB fcJLS 
IVHOIiE IiENGTH. 




Fig. 13. 



The general moment of stress is 

-a^x = ^ [?-6aJ (?-«)].. . . (32) 



STBAOrS OM SraOLB PIBOES. 



11 



The maximum moments are 

M=^Wly which is for A and B (33) 

M= j^ Wl, which is for the middle of the beam. 

The general value of the transverse shearing stress is 

St =: i wl—wx. 

The maximum value of the transverse shearing stress, which 
is at the ends, is 

8. - ±i wl. 
At the dangerous section for prismatic rectangular beams, 
we have 

^Wl^\Rhd^ (34) 

The maximum deflection is (omitting shearing stress) 

^ = tJt5/ (85) 

13, — INCRBASING liOAD.-I^BT THB BEAM BE HORIZON- 
TAL, S17PPORTED AT ITS BND, AlfB LOABBB UNIFORMLY 
OVBR ITS HFHOLB LBNGTfel, AND ALSO AN ABBITION AL LOAD 
UrmCH BBGIN8 WITH NOTHING AT ONE ENB ANB IN- 

CHEASBS UNIFORMLY TO THE OTHER, aS in Fig. 14 The 

V 




Fig. 14. 

space between the lower convex line and the horizontal one 
just above it, is the form of the beam of uniform strength for 
this case. 
Let W = the total weight of the uniform load, 

TF, = the total weight of the uniformly increasing load, 
and the other notation as before. 
The general moment of stress is 

The maximum moment of stress is at the point 
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Mrhich value, subetituted in the preceding eqliation, gives the 
maximmn moment The ca«e becomes much Bimplified by 
neglecting the uniform load. Letting TT = 0, and the general 
moment becomes 

and the abscissa of the point of maximum stress becomes x = 
i V 32, which in the preceding equation gives the maximum 
moment, 

The general expression for the transverse shearing stress, for 
the general case, is 

The point of maximum shearing stress is for x =: l^ and its 
value is 

S.=z +iW+iW,. 

13. — PARTIAI4 I.OAD. UST THS BBAIE BM KORIZONTAI., 
8UPPOBTBD AT ITS Blf DS, AND A UNIFORM I«OAl» OTER A 
PORTION OF ITS I^BNGTH. Fig. 15. 



Let 2 a ^ D JS= the length of the uniform load ; 

X =: A 2^=: the ^ti^nce to any section from A ; 

O the centre of the load ; 

l^ =: A C; and 

l, = B C. 
There are three cases, as follows : 
The general moment between A and D is 

Jf^ z=zVxor2wa-j X, 
in whicli x m^st not e:^ceed AJ). 




(36) 
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The general moment of stress under the load is 

Jf. = F» - i w (aj - Z. + a)\ 

The maximnm moment of stress is 

-^ = T r^^« p (^ + ^^^ - ^ J - (^ - ^^1 

The general moment of stress between B and JS'is 

J4 = - F. (?-«), 

in which x mnst equal or exceed the horizontal distance AE. 
The shearing stress from J. to i> is 

/S;= V. 

The shearing stress under the load, from 2> to jS', is 

S.— V--^{x-l,+a) (87) 

The shearing stress from J? to ^ is 

/S;=- F,= — 2tra| 

FBOBLBM& — ^Find the yalne of M Eq. (86) when liz=: a, and discuss it in 
reference to («. Find the yalne of the shearing stress for the same case, and 
fihow at what point it is a maximum. Find where the shearing stress is zero. 
Discuss the case when ^i ^ ^. 



14, — A GBlfKRAI« CASB.— A HORIZONTAIi BBAHI IS liOAD* 
BH AT ANT N1791BEB OF POINTS. 



tlO 



^ mm^mmmmm •* 



'- jp— •♦ 1 




Fig. 16. 



Let the notation be as in the figure. 

SPm 



Then F = 



I 



and F. = 



SPn 
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The general moment of stress is 

rx-P,{x-n,)-P,{x-n;), &c (38) 

to iuclnde all the terms of P'a in which x is less than the n 
with which it is joined in forming the moment. 
The shearing stress is 

S,= r-P,-P,-P„-&e. (39) 

including all the loads between A and the section which is 
considered. 



IS, — OBLICtTIB aTBAIHS.-BBA1lia PlXEBATOlfE BNV AHD 
1 STBEB9 APPLIED AT THE FREE END. 




• /I 

Fro. 17. Fio. 18. 

Let X be counted from the free end. Then the moment of 
transverse stress in both cases is 

P,x. 
The maximum moment is at the fixed end, and is 

P,l. 

In Fig. 18 the stress P, =: P cos tends directly to compress 

the piece, and in Fig. 17 /*, tends to elongate it If the beam 

is rectangular, and breadth b and depth d, the stress on a unit 

p 
of section (square inch) in either case is j-^, and this value must 

be deducted from the modulus of rupture in determining the 
sti-ength of the piece. Hence we hare for rectangular pris- 
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matic beams, at the dangerous section, in either case (see 
Hesiatance of Materials^ Article 135) : 



^•^ = * (^ - W ^' 



P8ine.l = \(li- 



Pcoa O 
bd 



I 



IcP 



Examples. — 1. A prismatic beam whose length is 10 feet, is inclined at an 
angle of 30 degrees to the vertical, and is to sustain a weight of 1,000 ponnds ; 
the modnlos of rapture {R) is 10,000 pounds, the breadth is 8 inches ; required 
the depth for a coefficent of safety of i^t« 

2. For the same length, weight, modulus of rupture, and coefficient of safety 
as in the preceding example ; required the dimensions when the beam is 
square. 



-^ 



16. — INCLINED BEAJH.— LET TUB BEAIVI BE INCLINED TO 
THE HORIZONTAL, AND A UTEIGHT, P^ BEST 17PON IT 



AT ANY POINT. 




Fig. 19. 



Let I := AC =z the horizontal distance between the centres 
li the bearings ; and the other notation as in figure 19. 
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We then have 



F + F, = P, and 



by moments we have 



:. F=^P/alBo 

By resolving the applied force and reactions, we have 

L = Vsini = -^Psini. 
i\r, = F, eo8 i = * Pco8 i. 

V 

Zj = F, 9in { = JL P sin i, 

If^^ P C08 i. 

L^-=^ P fdn i. 

In this case there is no thrust on A tending to pnsh it over, 
or similar pull on J3 ; but the whole stress on A and J3 is 
vertical. But the strain due to the stress V^ is oblique to the 
axis of the beam, and it may be resolved into two com- 
ponents, one of which is normal to (iTj) and the other parallel 
to (Zj) the axis of the beam. The same is true of P and V. 
The original strains are therefore oblique to the axis of the 
beam throughout the whole length. The reaction Fj has a 
component, Z„ which ^?t^ on the piece ; and similarly Z, one 
of the components of F, pushe% on the piece. The sum of 
these efforts equals the longitudinal component Z, of the 
weight P. 

or, P sin i = V sin i + Fj sin i. 

Inasimikrway wehave 
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Each part of the beam or rafter A E and B E^ \& now 
under substantially the same condition as those in the pre- 
ceding problem. The dangerous section for prismatic beams 
will be at E^ directly under the weight jP. Hence we have for 
the moments of stress and strain, for rectangular sections at the 
dangerous section, 

' I cost ^ \ od/ 

Similarly, we may find the strain by considering the reaction 
Fj, thus : 

If, ^BE=\[B-^M* 
I coat • \ ody 



• • 



I 



P^^{R-^W (41) 



There is an apparent discrepancy in these results, the 
quantities within the parenthesis being different except when 
L = Zj. This may be explained by considerixig that if the 
weight P is divided in the ratio of F to F„ and the two 
weights removed an infinitely short distance from each other, 
as in Fig. 20; then will the two longitudinal components of V^ 
balance each other, being equal and opposite. The same is true 
of F. Hence, within the infinitely short space between a and 
5, there will be no longitudinal strain ; and hence in this case 
we shall have for this section 



I 

and which may be considered true for an ideal transverse sec- 
tion through the centre of action of P, Fig. 19. But this is an 
2 
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I 

ideal case. In Fig. 20, the strain immediately at the left of a 
is given by equation (40) and that at the right by equation (4:1). 
Ilence in any practical case we should use equation (41), if L 
exceeds L^ ; and equation (40) if the reverse be true. . 




Fig. 20. 



This may be still further illustrated by supposing that the 
beam is horizontal, and acted upon by the resolved forces of 
Fig. 19. Suppose in Fig. 21 that there is a pin at E to resist 



y 
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\^' 




^ Ls y 
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Fig. 21. 



the strains which in Fig. 19 were induced by P, Then the 
force jC, pulls along JEJB and finally against the pin E, Simi- 
larly, the force Z pushes along AE^ and finally is resisted by the 
pin. Hence, at the left-hand side of the pin, E, the pressure is 
Z^ = Z -^ Z^; but just at the right of that point the pressure 
is Z, as before stated. \\, , 
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17. — A LOADED BRACE.— LET A BEAM OR BRACE REST 
A.GAINST AN ABUTMENT AT ITS LOHTER END, AND AGAINST 
A. VERTICAL ITALL AT THE UPPER END, AND SUPPORT A 
^ITEIUIIT, P, AT ANY POINT. 

Figure 22 represents the case ; for it .^ 
makes no difference at the upper end 
whether it rests against a vertical wall, i 

or post, or other vertical surface; or 
has a horizontal force applied there c' ?"^ ^^ ^'^^ 

which is sufficient to keep it in the T- 

same position as a vertical surface. pj^ 22. 

Let AJB = the length of the brace (or rafter) ; 
Dzn AE= the rise; 

I = MB = the run, or horizontal projection ; 
jP = the weight which is applied at 0/ 
nl = BF = the horizontal distance of the point of 

application of the weight P frona J3 / 
= the angle BCF= BAE ; 
P, = the reaction of the support B ^ 
H = the horizontal pressure at B ; 
JS'^ = S^= the horizontal pressure at A. 

It is a principle of statics that the sum of all the horizontal 
components of the applied forces, for equilibrium, is zero; and 
similarly for the vertical components. 

Hence P = P„ 



j3^= JZ 
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Taking the moments about jB, and we have 

ja:i) = Pni 

:.H—n P-^ = nP tcmg (42) 

Taking the moments about -4, and we have 

P,l^H,D ^ {X-n)Pl, 
: lin which make P, == P. Eeduce, and we have 

H^^ n Pyr z=z nP tcmg as before. 
In a similar way, assuming that S = J^, and we finil 

p =p. 
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fieeolving the force II into two <itlierB, one of which shall be 
perpendicular to the axis i)f the beam, and the other parallel to 
it, as shown in Fig. 23, and wc have 



7i«. 38. 

L' =sHsi'rt&= nPtana $sin6= nP ^. 

^ COS 6 

H' = Hw8 6 = nPtang0 C08 0=nPmn0 

The components of P are 

N= Peine (48) 

L = P cos 6. (44) 

The compreBSion due to the longitudinal componenta are :- 

between A and C = L' = nP- ;; ; (45) 

p 
between O vaA B, — L + L' =. — . {cof + nainff) 

P 



-lnsin'e + cos'0\ (46) 



The same result may be obtained by resolving the forces at 
the lower end. 

1 S. — BISCUSSION OP THE PKBCSDING OASB. 

1. If the rafter is vertical = 0, and e.quation (45) gives J? 
= 0, and equation (46) gives Z = P ; and (42) gives H = 0. 

2. If the weight is placed at A, we have n = 1, and 
equation (42) gives H — P tang 0, and 
equation (46) gives L + L' = P sec 0. 



L + r = -^Fi «m'^ + c^«» ^ I (49) 
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3. If P is placed at the lower end, or at By we have n = 0, 
aiid equations (42) and (45) give zero, while (46) gives P 
cos 0. This does not give a strain, but is simply the longitudi- 
nal component of P. 

4. If P is applied at the middle, n = i, and we have 

ir= i P tang (47) 

L' = \P tang sin (48) 

P 

COS0 

5. If the rafter is horizontal the several strains become 
infinite. 

The moment of transverse stress between A and C is 

N' d z=,n Px" sm 

in which a/* is reckoned from A. .And between G and B it is 

(iT- N') « = (!-- n) Px sin 

in which x is reckoned from B, 

Hence, for rectangular beams, we have for rupture between 
A and C, 

nP^sm0^\{R--'!:^^\ld^ 

^\ od cos J 

The dangerous section is just below (7, for which we have 

fiP X AG svn0 = 4 (^ i^ — ._-^— ! — L\ b(r ..J50) 

^ \ odcos / 

1 9« — ^Problbms.— 1. A beam whose length ia 20 feet, breadth 6 mches, depth 
12 inches, is inclined at an angle of 60" to the yertical ; required the weight 
which it will safely sustain when placed at the centre. Gall R 1,000 pounds. 

2. Required the load at the centre which the same beam will sustain if hori- 
zontal. 

3. Kequired the load which a beam of the same breadth and depth as in ex- 
ample 1, and whose length is the horizontal projection of that beam, wiU sus- 
tain if placed at the centre. 

20. — liOAOBD RAFTBR.->€ASB OF A RAFTER WHICH 19 
ItOADBD 17NIFOR1III«ir OVER ITS HTHOIiB LENGTH. 

Let w = the load per unit of length, 
x = any distance measured from A^ 
W — the total load on the rafter,, and 
I = the horizontal projection of the rafter. 



rOBlCniAS SES!tiISa[Q TO 



Fra. 34. 

Taking the moments about £ we have 
ED=W.\ I; 
,-.H=\ wlj.= \ Wtangd (51) 

which according to Eq. (47) is the same as if the whole load 
were concentrated at the centre. 

The load on a; is wa and accordiog to equation (45) the lon- 
IfitndinBl component of it Ib 

L = wx coa 6, (52) 

"Uiid the longitudinal component of the thrust at the upper end 
is 

L' = Ssin =i Wtmig 6 sin 6 ; (53) 

which according to equation (48) is the same as if the whole 
load were concentrated at tlie centre. 

Hence the total compression at any section whose distance 
from ^ is IE, is 

L+L' = 'uXBeo8d-^\[ Wtang am (54) 

At the lower end x becomes AB and we have 

At the middle x = ^ AB and the longitudinal compression 
■»* 'he middle is 

i W8ec0 (56) 
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The normal component of -ffis 

N' = Scoa 0=zi WtaiigO cos — ^Wsm 0. 

The normal component of the load wx is 

N z=. wx sin 0. ■ ■ . > 

Hence we haye for thQ equation, for ruptnre at any point, 
for rectangular sections, 

or ... 

3 8tn 0\ 2od cos J ^ ^ 



From equation (57) we have 

Semg r^ n iwxco s0 Wsin'0 



lid cos 0' 



If the depth be constant we may easily find from this equa- 
tion the position of the dangerous section. By differentiating 
and placing equal to zero we have 

wcos 



db S sin F-nr o T 



= 



Hd 
.-. a? = i AB + ^dcotO. 

This value in Eq. (67) enables us to find the proper value 
for h. 

It is much more difiicult to find the position of the dangerous 
section when b is constant and d variable. 

Examples. — 1. A rafter whose length, A B, is 20 feet, breadth 2 inches, 
depth 6 inohes, inclination to the vertical 60 degrees, is loaded nniformlj 
<»Ter its whole length. It R = 1,000 pounds, required the load which it wiU 
ynstain. 

2. A rafter whose length is 20 feet, breadth 2 inches, inclination to the hori- 
z<mtal 25 degrees, R — 800 pounds, is required to cany 40 pounds per foot of 
its length ; required its depth. 

31, — STRENGTH OF piiiiiARS. — The general formula for 
determining the strength of long prismatic pieces which are 
subjected to longitudinal compression is 



P^'LJEL (58) 
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The Btrengtli of square pillars which rest on a flat base 
and the upper end of which is also flat and secured in its posi- 
tion, may be determined from the follow " 
theoretical formula. 







(59) 



If the columns are cylindrical, with the same 
conditions in other respects, we have 






(60) 



For hollow cylindrical columns, we have 
F = iir' JE^lr!^, (61) 

These formulas, according to Navier and 
Weisbach, should be used only when the length 
exceeds 20 times the diameter for cylindrical 
columns, or 20 times the least thickness for rectangular col- 
umns ; and Navier says that only ^ the calculated weight 
should be used for safety for wooden colimms, and i to ^ for 
iron ones, but Weisbach uses -j^^ in the case of cast iron and of 
wood. 

Practi(;al men are disposed to distrust these formulas aa 
being too theoretical. They use instead thereof Hodgkinson's 
empirical formulas, which were deduced from a long series of 
experiments ; or Gordon's formula, which was deduced from the 
same experiments. The results given by these formulas do not 
differ very largely from those given above. 

33. — CM>RBON»S RUIiES FOR TUB BRBAKING -WMIGVCS Vf 
POUNDS, OF IRON PIIiliARS ITITH FliAT BNDS, THE BNDS 
BBIN& SKGVRBII SO THAT TKBY CANNOT MOVB I^ATBRAIil^T, 
AND EVENIiY DISTRIBUTED OVER THE END SURFACES. 

The thickness of the metal in hollow columns not to exceed 
J to J of the external diameter. 



FOB CAST IBON, P = - 



HOLLOW CYLINDRICAL PILLARa 
80,000 A 



1 + 



800 i?* 



(62) 



^^^^- f'f r ^ 



u 
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in which A = the sectional area of the metal in 
I = the length of the pillar in inches, 
D = the outer diameter in inches, 
P = the breaking load in pounds, and 
80,000 = the crushing strength of cast iron, which 
is a low value, and hence safe. 

FOB WBOUGHT IBON, 

p _ 86,0 00 A 

1 . _Z_ (63) 

■^ 3,000 i? 



SQUAKE HOLLOW PILLASa 

D 80,000 A 

iroB CA^ moH, P = ^ - 

"^ 533 d* 
n 36,000 A 

FOE -WBOTrOHT IBOK, P — = 

^ + 6,000 Y 



SOLID PILLABS. 
„ 80,000 A 

TOB CAST IBOH, P = • ji /at\ 

- , ^_ (64) 

"^ 266 b* 

„ 36,000^* 

JOB ■WBOUGHT IBOS, P = ■ ^ //.g^ 

■^ "^ 3,000 5' 



t • 



93.— HBi. o. SHAI.EK sHiTH's FoiB]!nTi.A for tiio Strength 
of white or yellow pine square pillars. 

5,000 



P = 



0.004?,.. (66) 



^+2! 

* "Fat tMea oompnted from these formulas, see TratUwm^B Engineer^i 
Poeket-Book, pp. 238, 239 aad 240. 
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34, — ^lEODGKINSON'S FORMUI^AS. 

TABLB 



In which P 

d 

di 

I 



For the absohUe strength of cdhtmni. 

emahing weight in gross tons, 

the external diameter, or side of the oolnnin in inches, 
the internal diameter of the hollow in inches, and 
the length in feet. 



Kind of Oohunn. 



Solid Cylindrical Golnmns of 
cast iron 



[ 



Hollow Cylindrical Oolnmns) 
of cast iron ) 



Both endsTOUDded, the 
length of the column ex- 
oeeding fifteen times its 
diameter. 



Solid Cylindrical Columns of 
wrought iron 

Solid Square Pillar of Dant- 
zic oak 



Solid Square Pillar of red) 
dry deal J , 



TOMB. 

P = 14,9 -jT.T 

S.76 S.76 

d—dx 
13- 



P 
P 



P»7 



= 42 



d» 



.76 



Both ends flat, the length of 
the oolnmn exceeding thirty 
times its diameter. 



P = 44.16 



Tom. 



P = 44.34 
P = 133.75 



|1.7 
l>.66 t.M 

d—di 



^4» 



P = 10.95 
P 



rf* 



7.81 p 



The above formulas apply only in eases where the length is 
so great that the column breaks by bending and not by simple 
crushing. One-fifth of the results given by these formulas, is 
considered safe in practice. 

If the length' of the column is less than that given in the 
table, and more than four or five times its diameter, the strength 
is found by the following formula ; 

in which P = the value given in the preceding table, 

^ = the transverse section of the column in square 

inches, 
C = the modulus for crushing in tons (gross) per 

square inch, and 
W = the strength of the column in tons (gross).* 

* James B. Francis, C.E., has published a set of tables which g^ves t&e 
strength of oast-iron columns, of given dimensionfi, hy means of equation (67), 
and also by those g^ven in the above table.- 
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ftSm — ITBIGSnr OF PIIil^ARS, 

TABLE 

Of the weights in pounds of piUofrs in terms of ^leir lengths (Q in feety when 
loaded to one-fifth their crushing strength (P) in pounds. 



Kind of Pillar. 



Solid Cylindrical Gol- 
nnm of cast iron. 

Hollow Cylindrical Col- 
omnfi of cast iron, 
di=nd, 

if n=0.98 

ifn=0.95 

if »=0.925 

if n=0.90 

if n=0.875 

if»=0.85 

if »-0.80 

n=0.75 



Solid Qjrlindrioal Col 
mnns of Wrought 
Iron, 



Square Column of Dant- 
zioOak. 



Weight ia pounds. 



Both ends rounded. 
l>VSd. 



0,023926469 (P.r-»^ 
0.024392078 



TTff 



iX-n*'*)T^ 



(PI 3.M\TTi? 

0.003881655 (P.f'-'*) ^^ 

a006001775 (PP-**)^^ 

0.007265678 (P.P'")^^ 

0.008896144 (P.r")"^*' 

0.009378430 {PJ^-^T^ 

0.010261887 (P.p.«)T^Tf 

0.011862713 (P.?")T^^ 

0.013297905 (PP-")"^^ 



k i.ii 



0.014116881 (P.r") 



(Cubic foot weighs 47.24 
pounds.) 



Both ends flat. 
<>90<. 



0.009321706 (P.r*")^:'^? 

l-w» 



0.009300164 



(l-n»'*)TT+TT 



(Pfl.4T»y 



T^^-K 



0.001658133 (P.r»-*") 
0.002489827 (P.r-*^») 
0.002987882 (P.i»-*") 
0.003406063 (P.r-*") 






0.003773531 (Pf»^")T:fTy 
0.004106903 (P2«-*'»)T:fTj: 
0.004702651 (P.r-*^*)^^^^ 
0.005233352 (P.P«»)TTfTr 



0.004993604 (P.r-*") 



a00U823770 (P* Z^ 



Part 2. 



TRUSSED BRIDGES. 

CHAPTER L 

DBFINinONS AND DATA. 

36* — BBFINITION8. — A STRVOTVRB is au assemblage of 

pieces so joined that the whole may act in sustaining weights, 
or the pressure of water, or the pressure of wind, or other 
physical pressures. The points at which the pieces are joined 
are usually called joints. The pieces between the joints are 
usually rigid, although this is not necessarily the case, for a 
flexible piece as a rope, wire, or chain^ will resist a jpvU as 
efifectually as a bar of iron. Structures may be composed of 
earth, or masonry, as well as of iron, wood, or other matei-ials. 

A FRASEB is a structurc which is usually composed of wo<^d, 
or iron, or both combined, the pieces being joined at points, 
and the whole so constructed, arranged and secured that it may 
carry loads, or resist the action of external forces. 

A BBABE is a simple or compound piece which is usually 
supported at its ends for sustaining a transverse or oblique 
St less. Beams are sometimes built up, in which case they may 
be cAled compound beams. 

A oiieiDBR is either a simple beam, or a framed assemblage 
of pieces so constructed that it may carry loads when it is sup- 
ported at its ends or at other intermediate points. 

A TRUSS is a framed ffirder. It is a frame, but a frame 
implies more than a 1/ru%B, A frame is a more general term. 
We speak of a framed house, but not of a trussed house. 
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Fra/ming relates to the joining of the parts, trvssmg to arrang- 
ing the parts so that the frame may not be distorted under the 
action of the forces to which it is to be subjected. Koofs are 
often trussed. Many bridges are called trussed bridges. Truss- 
ing generally implies hrddng. Thus, a trussed partition is a 
braced partition. In bridges and in roofs, ties often take tlie 
place of braces. The distinction between girders and trusses is 
not always made, although the tendency seems to be to use the 
former as a dignified name for a beam, and the latter as applica- 
ble to braced and tied structures. 

A SBMi-TBUss is a truss which has no support at one end, as 
in Fig. 56. 

A BRIDGE is a structure over a river or other body of water 
for supporting moving loads. It usually connects two roads in 
such a way as to form a continuous road. A bridge may be a 
frwme^ or it may be an arch, or it may be composed simply of 
beams, or it may be suspended by cables. These several forms 
give rise to several classes of bridges. For the purposes of 
analysis it is convenient to divide them into— 

1. Tbfssed Bridges. 

2. TiJBULAB BEmOES. 

3. Suspension Bbidges. 

4. Abohed Bridges. 

5. Compound Stbuotubes. 

Each of these admit of several subdivisions, as will hereafter 
appear. 

A viABUCT is a structv/re for carrying a roadway over low 
ground, where there is not necessarily any water. The struc- 
ture may be in all respects like a bridge. 

A CHORD is the upper or lower member in a truss. It 
extends from end to end of the structure. There are usually 
two chords, an upper and a lower chord. These may be 
parallel, as in Figs. 69 and 88, or the upper one may be curved 
(arched) and the lower one horizontal, or both may be curved. 
These pieces by some English writers are called booms ; and by 
others, stringers. The lower chord is often called a tie. The 
upper chord is sometimes called a strcdning beam. 

A TIB is a piece which connects two parts and is subjected 
to tension. 
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A STRUT is a general term which is applied to a piece in a 
tniS8 which is subjected to compression. In proportioning it, 
it is treated as ajpiKar. In its more restricted sense, it is a 
short piece which is subjected to compression. 

A TiK-STBVT or STRUT-TIB is a piecc which may be sub- 
jected to tension and compression at different times, for differ- 
ent conditions of loading. 

A BRACB is an inclined piece which is subjected to compres- 
sion. It is an inclined strut. In bridges, braces are sometimes 
distinguished as main-braces and counter-brakes. This distinc- 
tion is quite unnecessary in an analytic point of view, as will be 
seen hereafter, but it is so common in practice that it will not 
do to ignore it. 

A SEAiN-BRAOB is a bracc which inclines from the end of a 
truss towards the centre, as in Fig. 26. 



ZJ CHOffD 




LOWER 
WRD 



Fig. 26. 



A couNTER-RRAOB is ouc which incliues from the centre 
and toward the ends. In the same panel the counter-brace 
inclines the opposite way from the main-brace. See Fig. 26. 

A TIE-BRACE pcrfoiTus the office of both main and counter- 
brace. It is the same as a tie-strut. 

A KING-POST is a term applied to a truss in which there is a 
central tie (or post) and two braces resting against it as in Fig. 
28. This is an old arid familiar term, and came into use when 
the central piece was made of wood and resembled a post, al- 
though its office was that of a tie. A braced post or a braced 
tie^ would seem to be a more appropriate mechanical term. 

A aiTEEN-POST TRUSS is a truss in which there are two 
posts (or ties) and against which rest two braces. The horizon- 
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tal piece between the upper ends of the posts is often called a 
stravjiing beam. See Fig. 49. This is also an old term and 
has become familiar with long usage, but, mechanically speak- 
ing, it would be much more appropriate to call it a tbapb- 
zoiBAii TR17SS. There are other forms of trusses which in out- 
line resemble a trapezoid, and it does not seem necessary to 
separate this case from the more general one. It may, however, 
be desirable to do so on account of its frequent use in roofs, and 
bridges of short span. 

37, — TBHB i«OAi>. The load on a bridge consists of two 
parts ; the first part being permanent and due to the weight of 
the bridge, is sometimes called the " dead load ; " and the sec- 
ond part being " temporary," is composed of moving trains of 
cars, or teams, or persons, or other loads. The latter is some- 
times called " the moving load," or " the live load," or " the 
surcharge." The live load may be assumed, or is given in 
the original data, but the PBRmANBNar load must be assum- 
ed, and can be accurately determined only by successive ap- 
proximations. For it is dependent upon the thing which we 
seek viz., the dimensions of the parts of the bridge. We there- 
fore, at first, assume such a value for the total weight as is in- 
dicated by other similar structures, and after the dimensions of 
all the parts have been computed, the weight is calculated from 
these dimensions ; and if the assumed weight does not largely 
exceed the computed weight, it will not be necessary to review 
the calculation. 

I have examined the weights of several wooden railroad 
bridges, and 1 find that for spans of about 150 feet, they aver- 
age about 1,200 pounds per linear foot. We may assume for iron 
bridges of spans from 100 to 180 feet, from a half to three- 
fourths of a ton, and from 180 to 250 feet, from three-fourths 
to one ton per foot ; and for spans of 300 feet, about IJ ton 
net. 

The Conway tubular bridge, England, weighs about 3,000,000 
pounds and is 400 feet long, and hence weighs about 7,500 
ponnds per linear foot. 

The I4ITB LOAD is generally assumed to equal or sjightly ex- 
ceed the greatest load which we think will ever be placed upon 
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the bridge.' For a railroad bridge the heaviest load would be 
that of a train of locomotives, extending from end to end of the 
bridge— or at least over one span of it. If the bridge is long 
it is not probable that so heavy a load would ever be placed 
upon it, but it makes the computation much more simple to 
assume this load, than it does to consider one or two locomo- 
tives followed by a train of cars which is much lighter ; and 
the error, if any, which results from the assumption, is on the 
safe side. 

English and American engineers assume that a train of loco- 
motives will weigh one ton (gross) per foot of leifgth. Morin 
says that the French locomotives weigh about f of a ton per 
linear foot.* The maximimi weight of a train of merchandise 
on the road from Paris to Lyons is given as 1674 kilog. per 
metre of length,* or more than one-half -ton (net) per foot. 

In Traite Theoretique et Pratique on the construction of 
metallic bridges by MM. L. Motinos and C. Ponnier, p. 60, the 
following values are given ; the length in metres, the weights 
i I French tons. 



Length of the Span. 


4m 

tons 
8 


6m 

7 


10 m 


16 


20 

4v 


26 


90 


40X 


60 


Weight per metre 
of length iini- 
f ormlj distri- 
buted. 


6 


5 


4.7 


4.5 


4.5 


4.6 


4 



Which in English units gives, to the nearest tenth, 



Length of Span In feet. 


13 ft. 


2.3 


82X 
1.8 


48K 
1.5 


66 
1.4 


81^ 
1.3 


97X 
1.3 


lao 


196 


Weight per foot of length 
uniformly distributed. 


tons 
2.5 


1.3 


1.1 



So that for long bridges they recommend rather more than 
one ton (net) per foot. It is advisable in all cases to allov^ a 
larger coefficient for safety for short spans than for long ones, 
for they are liable to be subjected to much greater concen- 
trated loads and to more severe local shocks. As much- as 
16,000 or 18,000 pounds may rest upon the driving wheels 

'*' Morin, Eisistance des Materiaux, pp. 333 and 334. 
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of an engine, which load extends over a few feet only. In iim 
country one ton per foot is commonly used. 

For common road bridges we may safely assume that the 
maximum load is what it would be if completely covered with 
men. 

For suspension bridges the French engineers use forty pounds 
per square foot.* Navier recommends 42 pounds per square 
foot.t But a crowd of persons will weigh much more than 
this. Picked men closely packed in one experiment weighed 
eighty-four pounds per square foot. An experiment by Mr. 
Kash, architect of Buckingham Palace, in which he wedged 
men together as closely as possible, secured 120 pounds p^r 
square f oot4 

98* — ^SAFB i«OA]>. A structure should not be so heavily load- 
ed as to damage the elasticity of the materials which compose 
it. It is impossible to tell the exact load which the structure 
can sustain without passing this limit, l^ut considerations of safety 
and durability demand that one should keep on the safe side. 
Hence it is often the case in practice that bridges are made 1^ 
to 2 times as strong as would be absolutely necessary if the 
materials were all of a known standard quality ai^d the work- 
manship practically perfect. In order 1;o make the structure 
safe against all these contingencies, it is made several times as 
strong, as is necessary for sustaining the load at the crushing 
limit. 

30.— InBB FACTOR OF SAFBTT is the ratio of the computed 
strain to the jstctual strain ; or in other words it is the ratio of 
the load which would just crush the structure to the as&umed 
load. There is no absolute rule for determining the proper value 
of i!b^& factor. Itis value is assumed a/rbitra/rUy by the engineer, 
although it^ extremlB limits may be determined by experiment 
and observation. For instance, experiment shows that theywc* 
tor for the tension of Wrought iron should never be so small as 
2 ; and when the load is applied without shock it ought not to 
be less than 3. It seems evident also that it is unnecessary to 

** Mahan^fl (Jio, Eng,^ p. S57. 

t Weisbftch's Midh. and JSing, (Sd Bd.), Vol 11. p. 04. 

% Tzaatwine's Eng. PoM^Book^ p. 297. 

3 
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allow so lai^ a factor as 10, or 8, or even for wrought iron 
where there is no shock. But in all practical cases in bridge 
construction there is some shock due to passing loads, and hence 
we may assume 9k factor as large as 6, as is shown in the following 
list. Between these limits its value depends chiefly upon the 
dunce of the engineer. From 4 to 5 is a very common value 
fOT wrought iron subjected to tension or cross-strain, from 4 to 
6 for cast iron, and 10 for wood. 

The following are the values used by several engineers and 
authors : — 

Messrs. May and Grissel 3 

Mr. Brunell 3 to 5 

Messrs. Easbrick, Benton and others 6 

Mr. Hawkshaw 7 

Mr. Glyn 10 

Bow for wrought-iron beams 3.5 

Weisbach, for wrought iron 3tQ4 

Vicat for wire suspension bridges more than 4 

«. , . . V.J ( for posts and braces 5 to 6 

j?mk, iron truss bridges^ - ^ ^. , , ,» 

' ° ( for cast-iron chords 7 

Fairbaim, for cast-iron beams 5to6 

C. Shaler Smith, compression of cast iron 5 

Kankine and others, for cast-iron beams 4to6 

Mr. Clark in Quincy Bridge, lower chord 6to7 

Washington A. Roebliiig, for suspension cables 6 

The Detroit Bridge and Iron Company 5to6 

Morin, Vicat, "Weisbach, Kondelet, Navier, Barlow, and 

many others say that for a wooden frame it should not 

be less than 10 

For stone, for compression 10 to 15 

Mr. Fairbaim deduced the following conclusions from ex- 
periments which were made by him in regard to beams and 
girders, whether plain or tubular. "The weight of the girder 
and its platform should not in any case exceed one fourth 
the breaking weight, and that only one-sixth of the re- 
maining three-fourUis of the strength should be used by the 
moving load." Accordiug to this statement the maximum 
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load, including the live and dead loads, may equal, but should 
not exceed, * 

i + ioff = f 
of the breaking load. Hence \hQfactar of safety must not be 
less than 2.66 when the above conditions are fulfilled. This 
value is, however, evidently smaller than is thought advisable 
by most engineers. ' 

The rule adopted by the Board of Trade, England, for rail- 
road bridges is " to estimate the strain produced by the greatest 
weight which can possibly come upon a bridge throughoiit 
every part of the structure, which should not exceed one-fifth 
the vltimate strength of the metalP They also observed thjtt 
ordinary road bridges should be proportionately stronger than 
ordinary railroad bridges. 

30. — ABSoiiUOTE i!nom7i«i7s OF SAFBTT. -Sometimes an ar- 
bitrary value is assumed for the maximum strain in pounds per 
square inch to which the material may be subjected. Such a 
value is called the absolute modvJnis of safety. 

The following values are generally assumed for the modulus 
of safety. 

Poimds per aqiune Inch. 

Wronght iron, for tension or compression^ from. .10,000 to 12,000 

CtkSt iron, for t&nsion, from : 8,000 to 4,000 

Cast iron, for compression, from 16,000 to 20,000 

Wood, tension or compression, from 850 to 1,200 

r granite, from 400 to 1,200 



Stone, eompression. 



quartz, from 1,200 to 2,000 

sandstone, from ,. 800 to 600 

limestone, from...,. 800to 1,200 

The practice of French engineers,* in the construction of 
bridges, is to allow 3.8 tons (gross) per inch upon the cross-sec- 
tion, both for tension and compression of wrought iron. 

The Commissioners on Railroad Structures, England, estab- 
lished the rule that the maximum tensile strain upon any part 
of a wrought-iron bridge should not exceed five tons (gross) per 
eqiiare inch. 

-.31 «— SXAIIIPI«SS OF STRAINS THAT HATS BSBN 17SBD IN 

PRAcnoAii €AS£S. The margin of safety that has been used 

* Am. E. B. Times, 1871, p. 6. 
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VOL various structures xoaj or may not serve as guides in design- 
ing new structures. If the margin for safety is so small that 
the structure appeais to be insecure and gives indications of 
f ailurOy it evidently should not be followed. It serves as a warn- 
ing rather than as a guide. If the margin is evidently exces- 
sively large, demanding several times the amount of material 
that is necessary for stability and durability, it is not a guide. 
Any engineer or mechanic, without regard to scientific skill or 
economy in the use of materials, may err in this direction to 
any extent. But if the naargin appears reasonably safe, and 
tibe structure has remidned stable for a long time, it serves as a 
yaluable guide, uid one which may safely be followed under 
i^imilar circumstances. Structures of this kind are practical 
cases of the approximate values of the inferior limits of ih&fao- 
tors of safety. The following are some practical examples : — 

IBON TBUSSED BBIDaES. * 



HAMS or XHl BBUWS. 



Passaic {Lattice) 

Place de rEorope (Lattiee) 

Canastota (iV. T, C, B. B,) (Lattice) 

Newark Dyke ( Warren Girder) :........ 

Bojne Viaduct {LattieS) 

Charing Cross (Lait^ 

I 

fit. Charles, Mo. ( Whipple Tnus) 

IiouiBville, Ky. (Fink Tru^) 

Keoknk and Hannibal 

Qaincy Bridge , 

Kansas City Bridge. 

Hannibal Bridge (Qaadrangidar Trues), . 



TXN8I02I. 

Tons 
per square inclL 



5i to 6 
4 
5 
6 
6 
5 

Foundi 
per square inch. 

12,000 

7,000 to 12,000 

9,261 

10,000 

Factor of safety, 5 



COMPBB88IOH. 

Tons 
per square inch. 

4ito 5i 

3i 

4 

5 



Founds 
per square inch. 

12,000 
^ to |the strength 

8,062 
Factor of safety, 5 

Factor of safety ,5 



WOODEN BBIDOES. 



NAME OF THE BBIDGB. 



Cambetland Valley B: B. IMdge. . . : 

Portage Bridge (iV. T.ifb K B, B.)., 



x^ „. riU'S=^ 



MAXnniM 8TBAIN. 



635 pounds per square inch. 
Factor of safety, 20. 



KXA1IPLB8 Of jaaoam. 



Vt 



susPENsioK ^enxi^Bs. 



jriMS ov 



Henai 

TTiLTn yyi ^yt^TFi ith • 

Pesth 

Chelsea 

difton 

I^iagara 

8aBpen8ion Aqueduct, Pitts- ) 
burgh, Pa. 7 epana eadbi, ) 

Cinoimiatl Bridge 

East Biver 

Highland {prcpoMd) 



Spaa In feet 



680 
422i 



884 

702li 

821 

160 

1,067 
1,600 
1,600 



Btrain in tana 

pereqnen 

inch. Fran 

Bridge. 



4.21 
6.88 
6.01 
4.86 
2.00 
6.70 



9.1 

• • • • 

• • • t 



StninintoDS 
per nfiune 

inch. Bridge 
■lidlitad. 



=3: 



8.00 
9.86 
8.11 
8.07 
6.03 



11.7 

• • • • 

• • • • 



Feofxnr of 
aelety. 



3.9 
8.8 
3.9 
8.9 
6.4 
6.8 

4.0 

6.9 
6.0 
6.0 



TUBULAB BBIDGB8. 



^bii.aaa^Ma>AM 



HIMB OV BRIDOB. 


BPAJi. 

Feet. 


lOB 'WKXOBT or BBTTMB ^ 
AHD LOAD. 




Tension. 
Tone. 


Oocnproniom 
Tona, 


Conway 


40O 

• • • 


6.86 
8.00 
4.76 


6 08 


l^ritannia (Central ffmn) , 




Penrith (Tnbnlar Ofrder) 


4 25 







OABT IBON AB0HE8. 



HAMB OV TBB AMCB, 


■PAH. 

feet, ki/^bm. 


VXBIBS 


1 nm. 
inohee. 


" " 4 
ffntAm 

PKB BQITABB 

nroH IN Toni^ 


Arigterlit? , ^ ^ - 1 * 


106 
162 2 
102 5 
137 9 
197 10 
120 


10 
16 
11 
15 
16 
20 


7 
1 
4 

6 



2.78 


OaiTDusel .t • 


1.46 


8t. Deois ......t....«t.t..t. 


1.37 


Wevers. 


1.90 


Rhone ..........«........*.,*.,.. 


2.87 


'WeirtminRte''. 


8.00 
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filONB ABOHES. 



J- ! 



MAMM aw THM ABOB. 



Wellingrton 

Waterloo (0 Arches) . . . . 

Kenilly 

Taaf iScmth Waies), 

Tuiin. 

liondon 

Chester 



flpaninfeat 



100 
120 
128 
140 
147 
163 
200 



Yened iine 
In f eeL 



15 
85 
82 
85 
18 
88 
42 



PreaBore per 
aqiuune Inch 
in poands at 
the key. 



176 
151 
172 
244 
293 
215 
849 



Fttctor of safe- 
ty at the point 
c^greatest 
(Btnin. 



11.3 
20.0 
11.6 

ao 

10.2 

14.0 

8.6 



OAST STEEL ABOH. 



Vila or ABOH. 


SPAN. 

feet. 


VAOTOB or 

HATETT. 


THinnif} and Rt, Louis Bridire , 


615 


6+ 







STONE FOUin>ATIONS. 



' - 




Pillara of the Dome of St. Peter's (Home) 


16 


" ** " &t. FaxxTb (London) 


14 


«« " ** St. Genevieve (Pam) 


7.6 


Pillars of the Church Tonssaint (Angers) 


10 


Merchants' Shot Tower (Baltimore) 


4.8 


LowftT oouTfffts "f Britannia Bridirfii .... a 


31 


Lower courses of the piers of Nenilly Bridge {Paris) 

Foundation of St. Charles' Bridge {Missouri) 


15.8 
12 to 14 


Foundations of East Biver Bridge * 


10 to 20 







* ^' In the stonework the pressures vary from 8 to 26 tons per square foot. 
Stone used is granite, selected samples of which have borne a crushing strain 
of 600 tons per square foot. Some will not bear over 100 tons per square 
foot. The general average is necessarily much less than that of the best 
ipeoimens." — Statement of the Chief Engineer, Washington A. Boebling. 
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33. — PROOF iiOAB. — The proof load is a trial load. It is 

iatended as a practical test of a theoretical stracture. 

It generally exceeds the greatest load that it is ever intended 
to put npon the stracture, but it should not be so great as to 
impair its elasticity. If the proof load is much in excess of 
the load which will ordinarily be placed upon the structure, it 
should remain on but a short time, and should be put on and 
removed in such a way as to avoid shocks as much as possible. 
ExceBsimby ^yere proof strains may do much harm by perma- 
nently damaging the resisting properties of the materials. 

33«— FRAMiHG. The art oiframmg pertains chiefly to the 
manner of joining the parts of solid materials so as to resist 
BtaUBfl. This is a veiy important item especially in wooden 
structures. I have seen frames in which the pieces were so im- 
perfectly secured to each other at their ends that they would 
fail there long before they were strained to the amount which 
they were expected to carry, making a frame very weak which 
in all other respects, wto very strong. Some of the approved 
methods for joining the ends will be indicated hereafter. In 
xnaking the analysis of structures we shall assume that they are 
properly joined, and that they will yield only by their elasticity 
for such loads as they are intended to carry. 

It is worthy of note, since joints cannot be made perfect, 
that where several joints are involved in carrying a strain, 
if one is over-strained, it will yield by its elasticity and thus 
bring into action others which were less strained. Were it not 
for this principle it would be exceedingly difScult to make 
large compoimd structures which would be durable. 

THB SIMPLE GIRDER. 

34.— TBB siSEPiiB GiBRiBB may be composed of a single 
piece of wood, iron, steel, or other metal, or it may be com- 
posed of several pieces firmly secured together so as to act like 
a single piece. Large beams and arches have been made of 
^planks or even boards firmly spiked together. Some prefer 
built beams of this kind to solid ones, because they can select 
their timber and be certain that it is all sound, whereas it is 
diflicuU to secure large solid pieces, as some parts are liable to 
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Fig. 8«», 



be %haky Tvliile t&e groater part is aoimd, cir lihe j mt^ have in- 
ternal defects. A built beam cannot be stronger than a solid 
one (as some have supposed), when the material in the solid one 
is as good throughout as that in the built one. If the pieces 
which compose the built one are large, they must be framed to- 
gether. Figure (26 a) shows some of the approyed modes of \ 
joinii^ or splicing timbers. 

If two equal timbers are simply placed over each other, as in 
H, Fig. (26 a), the strength of ^e two is double that of one, but 
if they can be firmly joined together so as to act like a single 
beam of the same depUi as the two, the strength will be fowt 
times that of a single one. 
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Fio. 37. 

If a BRiBGB be made of several beams placed side by side 
as in Fig. 27, we may determine the breadth or depth of each 
as follows : — 

Let TT = the total uniform load ; 
I = the span ; 
It = the modulus of rupture ; 
i = the breadth of each beam ; 
i, = the depth of each beam ; and 
n = the number of beams. 
Then according to equation (19) we have . 

W2 

•'•* = *^^^»** («^») 



=*v/: 



S («"> 

If fbe depth of each beam is r times the breadth we have 



• 



■■*=</ir 



48 TBIAIMB 0S TSBSDGrEA, 



In the same way the dimeiudoiis of flocv jciiti may be deter- 
mioed 

BzAMPLsa 1. The load on a floor is fifty poimdB per sqpiare foot' The 
Joiste are twenty feet long, twelve indhee deep, and are sixteen inches from 
centre to oentre. What most be their breadth if i? = 800 pounds ? 

d. The joists in a floor axe twentj-two feet long, three inches thick, twelve 
inches deep, and twelve inches from oentre to centre. How mnoh load per 
square foot will be required to break them if B = 8,000 pounds ? 
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CHAPTER IL 




KING-POST AND QUEEN-POST SYSTEMS. 
KENG-POST SYSTEM. 

35* — TMJB KiNG-posT TRUSS ifl frequently employed in 
bridges of short ^pan, and in the conBtruction of roofe. Ita 




ViG. 28. 



Fxg29. 



construction is simple, and it ifi very rigid. The common form 
18 that shown in Fig. 28. In modem constructions a vertical iron 
tie is substituted for the po0t, and a horizontal iron tie is often 
substituted for the wooden One, as shown in Fig. 29. In bridges 
the inclined pieces are called braces, but in roo& they are 
called rafters. We consider two general cases: 1st, that in 
which the braces are equally inclined ; and 2d, that in which 
they are imequaUy inclined. 




Fie. 80. 



In bridges the load will be upon the supported chord AC^ 
Fig. 80, and we may assume without being far from the truth 
tiiat on6-half the load on AD is supported at Z>, and the other 
half at A / and similarly on DC. This hypothesis is exact if 
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there be a joint at B. But if the beam be continuous from A 
to 67, and tiie load uniformly distributed, the point D will sus* 
tain \ of the total load (see Article 98, Sesiatanoe of Mate- 
rials). 

Let P be the load which is sustained at D. This is the only 
load which causes strains on the tie £D and on the. braces; the 
remainder of the load being carried directly by the abutments. 
The load P produces a pull equal to P on DB^ and thence a 
push on each of the braces A£ and £0. Of the load P, each 
of the supports A and C carries V = \ P. 
Let P = the strain on DB^ 

V = the reaction of the support A due to P, 
H = the horizontal strain on the tie AC^ due to P, 
Q = tlie strain on each of the braces, 
6 = the inclination of the brace AB to the yertical| 
D = BD = the depth of tJie tnws, 
I =AD = BO, and 
Z = j1(7 = the span. 

Suppose that the parts are reduced to rigid right lines, and 
that tiie joints at A, jB, and O are perfectly flexible. 

Take any convenient distance on the vertical line J. F, to re- 
present the reaction of F. Through the upper end of the line 
thus assumed, draw a line parallel to AD and prolong it till it 
meets AB ; — and this line will represent the horizontal pull on 
the tie J. (7, and the distance from A to the point where tlie line 
intersects AB will represent the push on AB. Hence from 
this small triangle we' have 

V=kP * \ 

Q= V«eee = \P9eoe I (68) 

/<.. C' -z. si- '' V— yttmge = \Ft(m9e] 

' We also have tang 6 = -^-^ = ■=, aa^ ., 
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If the anjs^le ai JSi& right, will be 45 degrees ^ad 2 = 27 / 

■■■'M\vy\ « 

This may also be solved by directlj xescdvuig P, thns : — take any portion ci 
\DB, as Bo^ to reinresent P, and draw ea parallel to BO. Then will Bac xe- 
present the triangle of forces ; Ba representing the strain on BAj oto that on 
S€^ and Bo that on BD, In this case, the rafters being equally inclined, Ba 
= ae. Draw ad parallel to AD and it will represent the stress oxlAO^ H\ 
9XLdiBd = do = i P. Hence we .have from these triangles ad = Bd tang 0, or 
H=j[P tang ; also a^ = ^ «60 or Q = ^ P «m 0, the same as before. 
We also have fsom similar triaiigles 

aBiBd :: ABiBD^ot 

.-. Q = i P Ji^^5^I? as before. 

Having found the amotmt and character of the strains we pro- 
ceed to proportion the parts. Observe that if there are two 
tmsses to carry the load we divide the total strains by two. T 
being the modulus of the tenacity of the main tie, and JTits 
section, we have 

E=^\pl = TK.'.K=^ (71) 



Por the vertical tie we have 



ir=^. (72) 



For the rafters or main braces, suppose that the ends are 
roimded, and we have, if their length exceeds fifteen times their 
diameter, (see article 24,) 

g = 13 ^ ^,f' , (73) 

for hollow cast-iron pillars ; and if other matenals or forms are 
used, the proper values can be taken from the table. If the 
length is less than fifteen times the diameter, use equation (67). 
Or use Gordon's formulas (article 22). 



EzAMFLBS. — 1. If the span is 80 feet (which is too long for a bridge of this 
kmd, bat may do for a roof), depth 16 feet, uniform load one ton per foot of 
length, required the pnU on the horizontal tie, and the push (or oompression) 
on the nfteiB. Also xaqnired the proper dimensimis of the rafters if they axe 
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•qoore and made of dzy deaJ. i^NoU^ — ^In this proUem nsmne that P i 
half the total load.) 

2. If the span ia 80 feet, the indination of the xafteiB to the hozmntal, 80% 
the load on the oentral vertioal tie, 10,000 Iha., xeqnized the depth of the tnun 
and the strains upon the sereral parts. 

8. Required the slope of the main brace so that the strain on it shall equal 
P. Find the corresponding strain on the mam tie. 

4. If the span is 40 feet, length of post 8 feet, P — 2,000 lbs.; required the 
■train on the braces^ and thrust on the horisontal tie. 

Ans. Q — 2,692 Ibe. JET— 2,500 lbs. 
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III the case of roofs, if the load is upon the main rafters, 
there will be no strain on the vertical tie due to that load, and 
its only service will be to support the long tie at the middle. 

One of the objections to a flat truss of this kind, or, in other 
words, one in which the slope of the rafters is small, and in 
which the tie is composed of wood, is the diflSculty of securing 
the ends so that they will not split out, or fail from longitydi- 
nal shearing. Fig. 31 shows some of the modes of securing 
them. 




'-* r .'' 



li a h resists the thrust of the rafter by its hngitiidmal 
shearing^ its length must be 

, __ Sbr. thrust 
"~ 50 X ireadth^ 

for pine, hemlock, and spruce. For oak we would have 

, __ Sor. thrust 
"~ 100 X breadth. 

These are for an eight-fold security. 

If the rafters are of wood, and the long tie of iron, it is easy 
to secure the ends. For 'the braces may be made to rest squarely 
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Fig. 83. 




KINGhPOST. 47 

agaisfit a cast-iron block, or ehoe, to which the tie-rods may 
be attached in any convenient way. 
The tie may terminate with an eye for 
receiving a pin, and by the arrange- 
ment shown in Fig. 32, the cast-iron 
piece will be subjected to compression 
only. 

3(l» — INTBBTED KiNG«P08T. — ^If the king-post truss be in- 
verted, and supported as before, at the ends of the long tie, as in 
Fig. 83, the amount of strain on each 
part will be the same as before, and 
hence may be computed by the same 
formulas; but the character of the 
strains will all be reversed. Thus, if a 
load is at -D, the piece D B will be com- 
pressed, the ii^clined pieces A B and B C will be under ten- 
sion, and the piece A C will be compressed. 

37« — A BRACED BEAM. — ^Thc middle of a beam may be 
supported by two braces, the lower ends of which rest against 
walls as in Fig. 34. In this case the 
strain on the braces is the same as in 
the king-post truss, and the thrust 
against the walls is the same as it 
would be upon a tie which would con- ^ j^ ^ 

nect the feet of the braces. The pres- 
sure of the rafters against each other at their upper ends is 
equal to jff".* The beam which supports the load is not involved 

K^ in this system of strains. It is a beam supported at three points, 

^. or of two beams supported at their ends. 

^ ^ 88. — rnxsTSBLvm voi-ume of MATERiAii. — Given the length 

^ of the truss, and the load upon the vertical tie, it is required to 

*^ find the depth of the truss, so that the total volume of material 

^ in the truss shall be a minimum. 

I Let D (fig. 29) be the unknown depth, and I half of the 

fS known span. JE", the section of the vertical tie, may be found 

^ from the formula, 
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Letting the long dimensions {D and Z) be in feel, and the 

transverse dimensions {K and ^2) be in inches, so as to conform 

with the notation in article 24, and we have for the volume in 

inches 

^^ ^„ 12 DP , , 

1 3 i?if = —f— • • - («) 

The strain on the long tie is 

iPtangtf = Pj2?J 
and its section is 

and its yolmne is 

K,Ml~^ (5) 

The strain on the brace is 

4Psec^ = tP -Q > 

hence if the braces are dry deal and square we have (see 
article 24) 

i P -^ = '^•81 ^ = 7.81 Y+^ 

By solving this in reference to <P, we have for the section of 
a brace in inches, 

and the volume of both braces is 

Hence, by adding equations (a), (&) and (c) we have for the total 
Yolnme in inches 

12i>P , 12P? ^ _ / P U, „\4 

which is to be a minimum. Hence by differentiating we have, 

T IT' V 15.62 V*-^ ^'L ^ J ~ 
The general value of D cannot be found from this equation, 
and hence the problem cannot be easily discussed. 
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ExAMPLB. 1. It T= 12,000 lbs., I = 20 feet, and P = 20,000 pounds ; 
required D, and consequently the slope of the rafter for a minimmn quantity 
of material. 

2. ltT= 12,000 Iba, f = 30 feet, and P = 2,000 pounds, required D. 

Question. — ^Does D increase or decrease as P increases ? 

If the truss be inverted, as in Fig. 33, and the notation the 
same as in the preceding example, and the load on the support- 
ed chord as before, we have for the section of the v.ertical post, 
if it be of oak (see article 24), 



k 



= ^ = i> \/— 



10.95' 
and its 

volume = D'^-f- if) 

PI 

Thfe strain upon the long chord will be 77-^7-, and its section. 

if of oak, will hed^ = ly , and the volume of the whole 

chord will be, 

/ PI ' 

volume = 2 ? v/ ^ ^ G?) 

^ 21.9 J) ___ 

The strain upon the long ties will be ^ P — ^~ — , and 

hence the section = ^r-=, =^ , and the volume of both 

ties will be, 



volume = -;= ^ — jr — L (A) 

.-. Total volumewill be D^ J ,-^ + 2^ J ^"^ \^+^^L^^ 

V 10.95 ^ ' V 21.9i> jT D ' 

which is to be a minimum. 

' ' V 2.74 V 21.9 ' L^ T 'jy T~ 

from which the value of D may be found, and Ij^nce the slope 

of the tie-rods. 

The problem is siMPiiiFiEB by supposing that the resistance 

to compression varies directly as the section (which is true for 

short braces). For these we shall have for Fig. 29, the strain on 
4 
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the long tie as before = ^-^r^ , and its section will be 

this Talue divided by C (modulus for crushing) and the volume 
of both braces will be this result multiplied by their length. 

/. volume of braces = — Vrr^ — y (*) 

which value added to equations (a) and (5) gives for total volume 

%n the truss = -^^ + ^-^ + — q jy— 0; 

Hence, 
for a minimum we have 

T Tjy c ly c ■" ' 

Hence by factoring we find that 

D^l, 
consequently, the inclination of the braces will be 45 degrees. 
The other value given by the equation is inadmissible. 

Hence the total volume of the ti'uss becomes 

2P2>(^+-1) (*) 

If T = (7 We have 

^PD _2PL 

T ~ T '' 
that is, it is equivalent to a piece whose length is twice the span, 

and whose section is that required to sustain P by a direct pull. 

The minimum material for the braces only is (using Eq. («) ) 

2 P Z> PL ,j. 

~—c~=^(r ^^ 

39* — MiNOirHi DEPRESSION. — In a triangular ^ame, like 

Fig. 35, in which the braces and tie 
P^fe are all of the same material and uniform 

section, it is required to find the inclina- 
tion of the braces, so that the depression 
of the vertex shall be a minimum for a 
load P, all the pieces being elastic. 

Let P = the load at the vertex. 

I = the length of the base. . 

a = the length of each brac^. 
Fig. 85. 
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D = the altitude of the triangle. . 

i = the angle which the brace makes with the hoiizon- 

tal tie. 
K = the section of the pieces, and 
£! = the coefficient of elasticity. 

Then D = V c^" — J? and by differentiation, 

■7 7^ ada — i Idl , . 

^^ = ■^^— («) 

in which dD is a small depression of the vertex, and is to be a 
minimum^ da v& 9, correspondingly small compression of a 
brace, and dl a correspondingly small extension of the tie. 

We also have a = ; ; 2? = i Z tang i ; strain on rafters 

p 

= ^r — ; — ; = P^ 2 and tension on the tie = 4^ P coti. 

!For the amount of compression, we have (see Resistance of 
l£ateri(ils\ 

P'a P I PI \ 



da = 



EK 2 EK sin i 2 cos i 4 EK' cosi sini 



«. n 1 jy? PI coti 

Similarly,-^ = -g-gf^ 
Hence, equation {a) becomes 

4: EK Sim Icos i J 

which is to be a minimum. By differentiating, placing equal 
to zero, and reducing, we have 

2 cos% + 3 cosH = 1, 
one of the roots of which is ' : 

cosi = i 

hence the triangle must be equilateral. 

r 40# — ^TRUSSED BEAMS. — ^lu a trussed beam, like Tig. 36^ 
the total compression on the upper side is that due to the 
bending of the beam added to the horizontal pull of the 
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truss rods ; and the tension on the lower side is that due only to 
the bending of the beam. But it is difficult to determine the 
values of these strains^ for the strain on each is dependent 



CffOSS 
9ECTI0N. 
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upon the distortions (compressions or extensions) of the other. 
So far as cast-iron beams are concerned, the value of such 
tnissing has been determined experimentally by Wm. Fair- 
bairn, the results of which are reported in his work on CaM 
and Wrought Iron. The beams experimented upon were of 
the double T form, as shown in Fig. 36, and the truss rods 
were of wrought iron. He found it exceedingly difficult to 
adjust the strains upon the iron rods so as to secure the best 
result, but concluded that they should be so adjusted as to secure 
a strain of 2 or 3 tons before the permanent load was placed 
upon the beam. He also concluded that such beams were not 
reliable. 

The trussing of cast-iron beams, however, is not very import- 
ant at the present day, for solid rolled wrought iron ones can 
be made quite as cheaply, and are much more reliable. 

41, — RAissD TIB, OR ]>oiJBi<c: RAFTSRs. — If the lowcr 
chord (or tie) be raised, as in Fig. 37, the strains are- consider- 
ably modified. This form 
sp of truss is common in roof 

construction, in which 
case the parts AD and 
BD are prolonged to the 
main rafters, as shown by 
the dotted lines, and are 
secured to them. In the 
case of roofs, the load will 
be distributed evenly over the main rafters, in which case 
the strains upon AD^ DB^ and DC^ will be the same as if 
one-half the load were concentrated at (7, and the other half 
sustained directly by the abutments. In order, therefore, to 
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Bimplify the problem, we will consider the case in which a load 
P is placed at the vertex 6', and the joints at D and C are per- 
fectly flexible. The pieces AC and ^(7 will be compressed ; 
AD^ DB^ and Z>(7 will be subjected to a puH. At the joint 
Dy there will be an upward pull equal to the tension upon CZ?, 
and at C there will be a downward pull equal to the tension on 
CD added to the weight P. (It is also evident that the horizon- 
tal jpt^A outward of ^C' will be equal to the inward horizontal 
pull of AD. ) In other words, the horizontal component of the 
strains ydl AC and AD neutralize each other. This view of the 
case makes the solution very simple, for we may suppose that 
the truss is divided into two trusses ; one of which will be 
A CBy with a horizontal chord AB / and the other ADBy with 
the same horizontal chord. 
Let P = the load at C. 

t = the tension on CD. 
JI = the horizontal component of the push and pull, 
t^ = the tension on AD^ and 
Q = the compression on AC. 
Take any distance Ae on the chord AB^ to represent the 
horizontal component, J?, of the strains; erect a perpendicular 
«j, and from d and c, where it intersects the rafters, draw the 
horizontals ca and db^ then will Aa represent the reaction of 
the support for the truss A CB, and Ah the reaction for the 
truss ADB ; Aa being 9, push up, and AJb being a pull down, 
their difference, ah^ will be the amount which is actually sus- 
tained by the abutment, and is \ P. Ad represents the pull 
on ADy and Ac the push on AC 

For the truss ADB we have 

Ae \ ed\\ AE : ED, or 
H : it:: AE : ED 

•••^=i^^ (74) 

For tiie troBS AC£ we have 

Aeieo:: AE : EC, or 
H \ \ {;? -V t) \\ AE : EC. 

.•.iF = i(P + 0^ (75) 
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Equations (74) and (75), being equal, give 

.•.,=s:p 



/ 



/^ 4- 



i>^ 



(76) 



which is independent of the slope of the rafters. 

We also have ed : Ad :: £D : AD, or 

i < : t^v. ED'.AD 

AD „ 






'IDC 



(77) 



Also, 



«c : Ac :: CS": J. 6"; or 
k{P ^f)'.Q\\CE'.AO 



(78) 



2(7^^ ' ' %DC 
9ISCVSSIOIV. — From Eq. (76) we have, if ED = DC, t= P. 
UDC=0,t = <x>. UED = 0,t = 0. 

From Eq. (77), if ZX7 = CE, t, = =^ ^ = W^' ^^'^ 

is the same as the second of Eqs. (69). 

From Eq. (78), it DC = i), Q = a>. H DC ^ EC, Q = 

AC 

Q-TYr P, which is the same as the first of Eqs. (69). 

Kext snppose that the load is placed at 2>, as in Fig. 38. 
Then will the vertical stress at the joint D be P— t; and at the 
joint C it will be t. Proceeding as before and we have 




P-t 



.-.t- 



EC 



P. 



^D ~ EC "ED + EC 
If ED = 0, < = P, as it shonld. 



(79) 



y 



noLvnov by mAORAMS. 
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49. — DSPRSSSBB nB. — ^If the lower tie be depreeaed below 
a horizontal, as in Kg. 39, the 
corresponding joints being let- 
tered the same as in the preced- 
ing eases, the same forms of nv 
expression will give the strain ^ 
on the several parts. Thus, if v 
the load be placed at C^ the 
compression on CD will be 

the same as Eq. 76. 
If the load be at -D, the expression for the tension will be 

EDl- EC DO 

the same as Eq. (79). These expressions become identical when 
ED = EG. They are also independent of the slope of the 
rafters.* 

In these cases if the load be uniformly distributed over the 
upper or the lower rafter, all the strains will be as above, except 
that on the rafter ; and the strains on that member may be 
found as in Article 20. 

43. — soiiUTioNS BT mAGBAMS. — To solvc the case of the 
simple king-post. Fig. 30 ; draw a straight 
line GE^ Fig. 40, in the direction of the 
acting load (vertical), then take any point 
O as an origin, and draw OG^ ODj and 
OE respectively parallel to AB^ AD^ and 
BG; then will Cfi' = P; GD = \P=: 
DE ; OD = H^ the horizontal thrust, 
and OG =^ C = ^'^ compression on 
the rafter. From this figure we have 

OD- R^^Ptcmge 
' 00= Q = iPseod 

which are the same as equation (68). 

* See sereial analytieal fK^aUons of the preoeding prohlem, bj 8. W. 
RobiuBon, OUbs of 1803, XJniy. of Mich.-Vaur. Frank, Inst 8d Secie«, pw 13. 
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In a similar way to solve the case shown by Fig. 37, draw 

C a line CQ^ Fig. 41, take a point and 

draw OG parallel to AG ; OD parallel 

\jo AD ; 6>i5^ parallel to DB ; OG 

parallel to GB. Then will GD + FG 

^P ;DF= t;OG= Q; OD = t^* 

Hence we have directly from this 

figure i, ^ : \P\\ED\DGr. t = 

ED 

jryTf P, as before, and similarly for the 

Fig. 41. others. 




44. — FINK TRUSS. — KFvf}Jc 7Vi^5 consists of a combination 
of hmg-posts with equally inclined ties, as in Fig. 42. It has 
the primary system AGB ; the two secondary systems AhD 







u: 






^■^ 



and DhB ; the four tertiary systems Agb^ hiDy Dje^ and dB^ 
and so on, when there are more systems. 

The load may be upon the upper or lower chord, but if it be 
upon the upper chord, there will be no necessity for a lower 
chord. Suppose that the load is uniformly distributed over 
the whole length of the supported chord. The divisions Aa^ 
a5, &c., are called hays. 

Let W = the total load, 
L = the span =i A B^ 

i\r = the number of bays in the supported chord, 
I =1 L ^ ^ => the length of each bay, 

* For a demonstiatilon of the pzinciple upon which this solution is founded 
see Appendix, ^ ^ . . ^ /-^ — ^ 
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JD = the depth of the truss, aaid " ::> -C n 

jP = the load on a joint. . . Jji!uy P^ >i^ * * ^ J 

Suppose that a weight P is placed on each of the joints ^r, J, -^ T ^ x 

€, &c. Then the joint D carries i P which is at c on the ^V O \ 

truss h iD^ and \ P which is at h on the truss Ah D^ and so J x - 

on. Hence 2? carries one-half the total load, or 4 P in this J r\ \J ] 

case. Similarly, b and e each carry one-fourth the total load, or t \. ^ 

2 P in this case ; and a, c, dy and f each carry P in this case. "^ ^^ ^ ;, 

These values are the strains on the vertical struts. ^ V> ^ >, 

The first of equations (69) gives the strains on the ties. We \^ . v 

have ^ \ j ^ 

Strain on J. ^ = — ^-^^ — P = strain on 5 ^, J i, i i>, ^ J ^ 

DjJ e, and e I. ^ VX^ 






Strain on A 



strain on h D,I> k, and k JS. » "^ ^ ^ 

strain on. O JB. -^ , , i 

The horizontal strain in the supported chord is uniform ^f i ^ 
throughout, and equal to the sum of the strains due to each " ^ / 

truss. \ > ^ 

Total compression on supported chord = iP--^-+i.2P ^ ^^ ^ 

-< '^> '^ ^ 
+ j.4:pi^=:jp^ [1 + 4 + 16 + &C., if there were ^ ^o i. 



-^ + 4.4P-^-4P-^ L- . * . - . ~v ^"^^ 

more terms.] v V ^ 

= 10iP4-.inthiscaBe. ^ N ^ v^ 



IlxAMPLBL— Suppose that a Fink Truss is 96 feet long, and is divided into ;- V '-* ^- 
8 equal bays, and the depth of the truss is 16 feet, and is loaded with 120 tons ^ ^ 
cmif ormly distributed, including its own weight. It is required to find the ^ ^ 



strains upon all the ties and braces. ^^ ^ ^ 



4^ ^^^x^jU^L^ 0, ^^'A ? aJ^^ A^^ ' 






^'■' 'IK. t('-t t L -_ __ p 

•^ ^K D.^ .L ^ -Jl ~P 
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4ff. — HOOF BvssBSy which somewhat resemble the Fink 

TruBRj as shown in Fig. 
'^rniP^r^Tr^^ 43, are somewhat com- 
mon. In this case, the 
lower ends of the sin- 
gle king-post trnsses 
are in the outline of 
the main truss. In a 
roof, this truss is placed 
in an inclined position, and sustains a vertical load (chiefly), in 
which cases the analysis of strains differs considerably from 
the preceding, as will be seen hereafter. If the truss is hoii- 
ssontal, the mode of analysis is evident from the preceding 
problem. 
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40, — I7NB<|17AIiIiT INOIiINBD BRAOBS or TIBS. — If the 

vertex JB of the truss is 
not over the middle of A (7, 
the braces A JB and JB 6 
will be unequally inclined. 
Whatever be the charac- 
ter of the loading, sup- 
pose that the strain on the 
YiQ, 44 tie 5 Z^ is determined. 

Let P = the part of the load which is supported at D, 

Q = the strain onA B^ 
Q ^ u u u ^ c 

jr=« « " A (7, 

V^ = the amount which A sustains due to the loading at 
D (and does not Include that part of the uniform 
load which A sustains directly), 

T^ = the reaction at (7, 

i = the angle B A D^ 

i, = " " ^ CA, 

5= " « BA F„ 

i = the part A />, 

I, = « " Z> (7, and 

Z =z I -\- l^ = A (7 = the total span. 
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By the principle of the lever we haYe, 

• V = -^P 
Similarly, Fi = -j- P. 



Take any distance J. ^ to represent Fj, and draw g h paral- 
lel to A J9, and j' h will represent the strain on A i), and J. h 
the strain on J. B. Hence we have L^ ^ » ^ 

ff=r,tange = JfF.± = ^F. (8? 



g= V,eece = -^^!-l+^P (81) 

Smiilarly,^. = -i ^^' +^ P (83) 

' > Sbookd SoLxrriON. Take JBii to represent P. Draw oi paraUel to BO^ db ^ 

paiallel to AB^ and ac paiallel to AD. Then 

QiP V. BaiBd 

A3bo Bo : aeiiDB : AD ; ae : ed::OD: BD^ aaid ao : ABiiaB : AB 
By oombtai., tk« we have ^ = :f^-g^ 

XK* AC AL/ 

•••e = ze:az)^=^5-^- <8^ 

wbich ia the same as Eq. (81). 

Q:H:: Ba: ae:: BAiAB:; ^FTT^il 
AD,DO Ux 
•*• ^^ AdBD ^^LB^^ " before (84) 

Thibd Solution. Ba: Bd :: sinadB : tin Bad. 

or Q : P :: eoatiitin («' + «'i) 

•'• v= i^rnT)-^ ^^'^^ 

«» = i^TOr)^ ^ 

Also 

coiic os ii ^^ 

^"^Hnif + ix)^ ^^ 

In these equations if 2 = Ii or^= ii this case zednces that of tfgtMifiSlf^helKptAi 
taftezs, and the f ozmnlas beoome the same as for that case. 
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If the angle at P is light, ^ + h = 90; and equations (85), (86) and (87) 
become 

Q-Peo8ii=:P sini. (88) 

Q = Pca8i =PrinH (89) 

/ • H=zPca8icoeii = PeMinni (90) 

If the braces aze equally indtned, % = «*i and (86), (86) and (87) become 

And £-= .?^.P = i Pi??4- = i P«?« i 
8tn2% sini 

FouBTH Solution. In the figure we have 

Bcica :: BD : DAot Be : S :: D :l 

deica :: Bfifb :: BD . DC oxcdiH :: D : Ix 

Be + cd= P 



L,l) 



Py as before. 



47. — If the truss be invjertbd, as in Fig. 45, the supported 
chord becomes a straining beam, and the incluied pieces ties. 
If the load be upon the sup- 
ported chord at J9, the piece D£ 
becomes a strut, and directly 
supports P ; but if P is sus- 
pended at JB the only oflBice of 
DB will be to support the chord 
at D. If the upper chord be in- -pig. 45. 

clined upward, as in Fie. 46, and . * , > ' 





Fig. 46. 

the load be suspended at J9, the piece DO becomes a tie, and 
the CDmpression upon it will be 



bollman's truss. 
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If P be placed at 67, we have 



^ = 



ED 
DC 



and hence if Z> (7 exceeds -E7)the compiession on GD will be 
less than P / but if the point C falls below E^ and the load 
remains at (7, the compression on CD will exceed P. 

48* — BoiiiiMAN's TRUSS. — A skclcton or outline of Boll- 
man's Truss is shown in Fig. 47. In this case, as in many 
others, the novel feature does not consist so much in the outline 
or skeleton as in the details of construction. Mechanically 
speaking, this truss consists of a series of king-posts with 



CB) eg) ffl 0) (id 




Fig. 47. 



unequaUy inclined ties. The vertical pieces are struts, and the 
long chord is common to all the several trusses. 

The details of the construction consist in the manner of 
joining the several parts. Thus, the chord, instead of being 
continuous, is made in sections, or separate pieces of hollow cast 
iron, which abut against each other at the joints 2?, E^ J5J etc., as 
b1 own in Fig. 48. They are usually octagonal. The long tie 
rods, AG J AF, etc., are not attached rigidly to the lower ends 
of the posts DGj EF^ etc., but instead thereof each pair, as 
A G and GB^ AF and FB^ etc., is attached to a link, which 
link is attached to the lower ends of the posts. This prevents 
cross strains upon the posts when the rods are expanded or 
contracted by changes of temperature or changes of strains. 
The rods of a pair, as A G^ GB^ being of unequal length, will be 
unequally strained for any load (see Eqs. (81) and (82)), and 
should be proportioned to resist the strains. If they are so 
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proportionedj they, being of unequal length, will be tineqnally 
elongated for any change of load, and hence would tend tc 
carry the point C to the left If they are contracted, tliey 
would tend to «irry the point C to the right. So of othei 
points. The link ofEere some flexibility at these pointa. 



The ehort diagonals in each of the panels DCFE, EFGR, 
etc., Figs. 47 and 48, serve directly to keep the joints J), E, 
etc., in place ; for if the chord is made convex upward, or if it 
becomes bo relatively by the depression of some point, there is 
a tendency, due to the compreBsion in the chord, to cause tlie 
convex part to rise upward, as indicated in Fig. (46). The 
panel rods will prevent such displacement. They may also 
serve for giving additional security ; for if made sufficiently 
strong, they may transmit the strains to the other parts in case 
one of the long tie rods breaks. Thus, if FB is broken, the 
panel rods in the diagonals ^i*" and ^H^will carry the load to 
the posts />(7 and i?<?. The succession of king-posts maybe 
called the PBinARir sybteth, and the system of posts and tie 
rods, which, as will be shown hereafter, may form a complete 
truss by itself, may be called the secondahy sxstbbi. 

The long tie rods pass through slots at the ends of the chords, 
and are secured by a pin passing through an eye. A lower 
chord sometime paBses through tlie lower joint for supporting 
the roadway. In other cases the roadway rests upon the upper 
chord. 



I 
\ 
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49. — ANALYSIS OF BOIililSAN'SarRUSS-PBIlirARir STSTEin. 

— ^it will be obsen^ed in the prima/ry system of this truss that 
the load at each joint is carried directly to the abutments at A 
and -B, and hence we may determine the strains upon the tie 
rods and posts for a load upon any one of the joints. Or, in 
other words, the load at a joint affects only one set of tie rods 
and one post. 

Let Z = AD = DE = Eff, etc., = the length of one bay. Fig. 

47, 
J) = DC = the depth of the truss, 
Z = AjB = the span, 
iT =^ the number of bays in AB, 

n = the number of a bay considered, counting from either 
end. Thus, if AD be called the first bay ; DE^ the second, etc., 
HEm^j be called the n-th. This will also give the number of 
a tie counting from either end. Thus, if ^<7is the first, AF 
the second, etc., AJ will be the w-th. 
Q^ = the strain on the first tie, or AGy 
Q^ = the strain on the second tie, or AFy 
Qn = the strain on the 7i-th tie, 
£r^ = the compression on the chord due to the first truss, or 

AOB, 
H^ = the compression on the chord due to the second truss, 

oxAFB, 
Hn = the compression on the chord due to the n-th truss. 

In regard to the long ties it is necessary to consider only 
those which incline one way, for those which incline the same 
amoQnt in the opposite direction will evidently receive the 
same stress for the same load. 

For the strain upon the ?i-th tie for a load P upon any joint, 
i» J?, we may generalize Equation (81) or (83), and have 

c. = <^"ii-^^±^/ ,,^, 

Hence the strain upon any particular tie is found by giving 
to n. its particular value in Equation (91). Thus, for A O make 
n = 1, for ji^make n = 2, and so on. Hence, 

The strain on lat tie is C, = (i^ - 1) V^ "?T^"j^ . . (92) . 
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IP 

The strain on 2d tie is C, = (iT- 2) V4 ? + J^TD ' '^^^^ 

IP 



The strain on 3d tie is, C, = (iT- 3) V9P +iy^.{M) 

In a similar way, for the strain . upon the chord due the n-th 
truss, we generalize 'Eq. (84), and have ^jj^ ^HA/wX K^^^«MJ>C 

Eence the strain due to the 1st truss is JJ^ = (iT — 1) y-^ P 

i6 a a a a 2d " ^^ ^r^ ^ ^-.-r ^n c 



(C <( (( (( u g^ u 






The total stress on the chord is ^ 

jy^ + ^, + ^, + etc., to jy^r-i *= 

[iV^+2ir+3ir+ etc., to iT- 1 terms - (1 + S'TjJ^ „ 
+ 3' + 4» + etc., to (2r- 1)') \l.D 

=^/-'p. « 

In ordinary cases the bridge will be supported by two trusses, 
and hence the strains found above must be divided by two to 
get the strains on each truss. 

The chord is so nearly horizontal that when the load is on the 
upper chord the strain on each post is P/ but if the chord 
angles upward at any. joint, the post under that joint will sus- 
tain less than P, but if it angles downward it Will sustain more 
than P, as shown in article 47. 

If the SSOONDABT STSTElfE of trass rods is to msnre safely, the strainfl 
on them may be computed by the first of Equations (69). 

Example. The following data are taken for a bridge as manuf aotuied by 
Charles Kellogg & Co. (formerly in Detroit, Mich.) 

L = 100 feet = the span, 
JV r= 8 = the number of bays, 
r.l = 1^ = the length of one bay, 
Wy = 60 tons (net) = the weight of the frame, 
Wi = 100 tons = the assumed uniform load, 
P = 20 tons = the maximum load at each post, and 
i> = 19 feet = the depth. 

^ ^CU^c^C ^^\A^ (l\ju ^^-^^^ A— iL. i/kc-. ^^^^-^r- 
l(-.'f.,^L< ,^'LfiL^ .t^tM^*^ 
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Beqnized the dimensions of the parts when one-fourth the statical sbraes is 
added for shocks. This addition is equivalent to calling P, 25 tons. Also 
consider the tenacity, per sqnare inch^ T, of wrought iron, equal to the oom- 
pression, G, per square inch of cast iron, and ctUl T= C = 11,000 lbs. 

There were two trusses, and two rods in each truss for supporting the load P. 

Hence by means of Eq. (91), and the above value of 2*, we have, oountuag 
from either end, 





a— 






Section of eaoh tla. 


' 


Tons. 


• 




Bqoara Inchea. 


zess on the 1st tie 


26.180 






1.12 


<( u 2d " 


80.986 






1.41 


a u 3d a 


84.569 






1.57 


" ** 4th " 


85.198 


(middle 


one) 


1.68 


«' " 5th" 


82.230 






1.48 


" »* 6th" 


25.450 






1.15 


u u 7th" 


14.738 






0.74 



The compression on the upper chord will be, according to Eq. (95), 86.85 
tons = 172,700 lbs. 

If the sections were solid and octagonal, their diameter, in order to resist 1> ^ -^ 
flexure with a twenty-fold security, will be, according to Eq. (58) . LJL "^ '^, 

"172,700 X 150'» _nt ..«.,... T^ ^ ^ 



d 



=Vi 



; 



:=;9i inches. 



-^ 



0.87527 X 16,00p,00a< 8.1416« 

They were 10 inches in diameter, and hollow. I do not know the thickness, 
but according to Frands^ tables they should be about one inch thick for a five- 
fold security. 

The poets each were tc sustain 10 tons, and were six inches in diameter. 

The pond rods were to sustain 10 tons, and hence, according to the first of 
Eqs. (70), the strain on each would be 14.10 tons for both trusses ; and 7.475 
tons for each. Hence the section of the panel tie should be 1.26 square 
inches. 



?. 
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CHAPTER IIL 



TRUSSES IN WEIGH THE UPPER AND LOWER CHORDS ARE 

HORIZONTAL. 

TBAFEZOIDAL TBUSS. 

ffO. — ^The form of the trapbzoidal tbvss is shown in 




Fia. 49. 

Fig. 49. All parts are most strained when it is loaded through- 
out, or when both joints C and D are loaded to their maximum. 
If the load is uniformly distributed over the lower chord, the 
joints G and D will each sustain one-third of the total load, the 
remaining third being sustained directly by the supports A 
and B. That is, A will sustain one-sixth of the load directly, 
and B the same, and each will also sustain one-third of the load 
as it is transmitted through CE and DF^ and thence to A and 
B^ through the braces AE and FBy thus making one-half 
the total load as it shouid. But only that part of the load 
which is supported at G and D produces strains on the trussing. 
Of this load the supports A and B each sustain an amount 
e jual to P. 

LetZ = -4C^ = CZ? = i?^, 

D^EG, 

V = the reaction at Ay 

V^ = the reaction at By and 

^ = the angle VAK 
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rbm V= P = V^ 

fjtrainon AE = Vsee6 = 




2) 



Strain on AC — Viang B = -jj P 



m 

(97) 



Q-D 




Fig. 50. 



v'.iich equals the strain on EF=^ that on OD = that on DB. 

If tl»o load is on the lower chord, the strain on the vertical ties 

wiD be P, but if it be upon the upper 

chord, as in Fig. 60, the vertical pieces 

wi'J simply support the lower chord, 

and hence may, in such cases, be very 

small. 

If only one joint is loaded, or when 
the load on one joint somewhat exceeds the load on the other 
joint, it may be said that the truss is unbalanced, and may 
become distorted, as shown in Fig. 61. 
For such a load the truss is not com- 
pletely braced. There should be braces 
or ties in the diagonals of the panel 
CDFE, Fig 49. 




Fig. 61. 



ffl« — TRUSS FuiiiiT BR ACBD. — The preceding example 
shows that a truss may be braced so as not to change its form 
und6r a certain load, as in Fig. 49, but under other distributions 
of the load it may become distorted. In such cases it is only 
partiaUy braced. 

A TRUSS IN WHICH THE PARTS ARE 00N8IDEKED PERFECTLY RIGID 
AND JOINTS PERFECTLY FLEXIBLE, IS FULLY BRAOED (oR SIMPLY 
braced) when the parts are so ARRANGED THAT IT WILL NOT 
CHANGE ITS FORM UNDER ANY ARRANGEMENT OF THE LOAD WHICH 
IT IS INTENDED TO CARRY. 

In practice the joints are not perfectly flexible and the parts 
are elastic ; and hence a change of form will take place for 
every ichange of load, but when the conditions are fulfilled ac- 
cording to the preceding hypothesis, the frame will not become 
distorted^ as in Fig. 51 ; and it is this distortion that we wish to 
prevent by bracing (or tieing). A truss may be distorted or 
broken by an excessive load which shall endanger the strength 
of the material, but this case is excluded by the definitioiL In 
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other words, a trass is braced when the tmssing prevents any 
tnmmg abont the joints beyond that which results frc»m the 
yi^diii]^ of the material on account of its elasticity. 

ff3.— TBAPBZOiDAL TBVSS HODiFiBB.-A beam is some- 
times supported, as shown in Fig. 52, in which case the thrust 
of the braces is resisted at their lower ends by the walls. The 
same thing is shown in Fig. 53, and it may be distorted, as 
shown in Fig. 64, by a partial load. 

ff3. — TOM STRAINS upou the several parts of the modified 
truss may be found by the same formulas as given in the pre- 
ceding case. 

Fie. 63. 





Fie. 03. 

A' 




Fig. 64. 




Fig. 55. 



ff4« — ^TRAPBZOiDAii TRUSS iNTERTBB.— If the truss be 
inverted, as shown in Fig. 55, the a/raount of the strains on the 

several parts will be the same as in 

the erect truss, Fig. 49, but the 

character of all the strains will be 

changed; that is, the inclined pieces 

will here be ties instead of braces, the 

supported chord and vertical pieces 

will be compressed instead of extended. If the end braces are 

unequally inclined, the mode of solution will be^|pssentially the 

same as in the preceding case. 

fftS* — EXAMPLES.— 1. In a trapezoidal trass, suppose th§t the span is 
f pr(7 feet ; length of poets eight feet, each bay one-third of fhe span ; the 
strain on each post, d,000 lbs.; loeqmxed the storains on the 'bijioesand 
chords. 

Ans. Q = 8,887 lbs. 
ir= 3,383 IbSL 
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NaU, — ^Gompaie these results with the fonrth example of article 85, observ- 
ing that the trass in this example carries double the load of that in the 
former. If the load is uniformly distributed, it really carries more than double, 
for in eadi case they carry half the load between the ends and first joints, and 
in the case of the trapessoidal truss, the end bays are shorter than those in tl^e 
Idng-post truss, thus throwing less load directly upon the abutments in the 
former than in the latter case ; and hence requiring the posts or post to 
carry more.^ 

2. If the span is eighty feet, depth of truss sixteen feet, uniform load. one 
ton per foot of length ; required the {mil on the horizontal tie, and the com- 
pression on the braces and straining beam, there being three equal bays; 
Also required the proper dimensions of the braces if they are square and made 
of dry deal (Ifots, P = i the total uniform load. ) 

Compare the reralts with the 1st example in article 35. \\ 
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TRIANGULAR TRUSS. 

UFPEB AND LOWEB 0H0BD6 HORIZONTAL. 

06. — ▲ TRIANGULAR TRUSS Ib OHO in wliich the space oc- 
cupied by the truss is divided into triangles by tlie pieces whicli 
compose the truss, and in which each piece may act both as a 
tie and brace. Such a form is shown in Figs. 60, 61, and 62. 
A triangular truss, in which the ties and braces are equally 
inclined, is generally known as the hvarrbn's girdkr, or 
WARRBN'S TRUSS, although English writers generally confine 
it to a triangular truss in which the ties and braces are inclined 
about 45 degrees to the vertical. The Warren Oirder^ as con- 
structed in England, is usually made of iron. A triangular 
wooden tru98 was patented in this country by a Mr. Godard, 
and called Ooda/rd!% sdfsujpportmg truss.* In this truss the 
triangles were isosceles, and the sides inclined about 30 degrees 
to the vertical. The peculiarity consisted chiefly in the modes 
of fastening the ends of the pieces. Another triangvlar truss 
was invented in this country which is essentially a double lat- 
tice, as shown in Fig. 68, and which by way of distinction was 
called an Isometrical Truss. The Fink Triangular Truss is 
another form which is composed partly of wood and partly of 
iron.t Another truss, called Smith's Patent, ^ originally com- 
posed entirely of wood, has some peculiar features, but which it 
(s not necessary for our purpose to describe. 

The analysis of all triangular trusses is essentially the same. 

S7» — TRIANOLBS THB ONIi¥ PROPER FIGURES FOR 

TRUSS-DVORK. — ^Thc triangle is the only geometrical figure in 
which the angles cannot be changed without changing the 
lengths of the sides. Hence, to fonn a truss which will not 
distort when partially loaded, the truss-work should form tri- 



* See Appleton^s Meehame^B MagcutmSy May, 1852, p. 141. 
f Mannf actoied by the LouisviUe Bridge and Iron Company. 
i MaxLofactazed by B. W. Smith, of Toledo, Ohio. 
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angular figures. Bat it does not follow from this that every 
such trass is completely braced. If the inclined pieces serve 
only as braces, as in Fig. 75, it may become distorted for a par- 
tial load, as in Fig. 76. Similarly, if the inclined pieces serve 
only as ties, it will be orAj pwrtidUy braced (tied) for certain 
partial loads, and the distortion will be of the same kind as in 
Fig. 76. In all sach cases it is necessary to have braces inclined 
both ways, as in Fig. 77, or ties both ways, as in Fig. 79. It 
will be seen. from this that a trass is not tricmgidar simply 
because it is composed of triangles, but it is essential that tlie 
inclined pieces be 



08. — ^The following conditions hvill bb assumbd in 

making an analysis of trasses. The parts will be considered as 
reduced to rigid right lines. The meeting of two or more lines 
at their conunon point of action will be called a joint. The 
joints will be considered — ^f or the present at least — ^as perfectly 
flexible. 

The strain will be considered uniform between adjacent 
joints ; also that the same piece cannot be subjected to tension 
and compression at the same time, but that the resultant strain 
is the algebraic sum of the two. Tension will be called +, and 
compression — . 

09. — notation. — As far as practicable, the following 
notation will be common to all the cases : — 
P = the load applied at a single joint when there is but one 

weight ; 
j> = the weight at a single joint when several joints are loaded, 

and the several weights are equal to each other ; 
JPx^P^ etc., = the weights when they are unequal ; 
L = the length of the span of a truss, 
I = the length of a bay, 

D = the uniform depth of a truss* when the chords are pa- 
rallel, and tiie greatest depth if they are not pa- 
rallel; 
= the inclination of a brace or tie to the vertical ; 
i = the inclination of a brace or tie to the horizontal ; 
to = the weight per foot of length of the dead load when it is 
uniform; 
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y/ = the weight per foot of length of the Um load when it is 
Tinifomi; 

8 = the weight of a unit of Yolume of the material con- 
sidered ; 

TF, = the total weight of the trufis ; 

W^ = the total weight of the surcharge ; 

W = the total load on the structure = TTj 4- W^; 

F, = the reaction of the support at one end ; 

V\ = the reaction of the support at the other end ; 

G = the modulus of compression ; 

T = the modulus of tenacity ; 

K^-=' the section of the n^th bay of the lower chord ; 

Kn = the section of the nr-th bay of the upper chord ; 

Jc^ = the section of the r^-th tie or brace ; 

<j„ = the compression of the 7^-th bay of the compressed chord ; 

i^ = the tension of the 7^-th bay of the tensioned chord ; and 

X ifi used to denote the summation of similar quantities. 
Other notation will be given as it is needed. 



00. — CASK I. — A SEMI-TBUSS HAS A SINGLE WEIGHT, P, AT 
ITS FREE END ; IT 16 BEQUIBED TO FIND THE STRAINS UPON 
THE TIES, BBACES, AND CHORDS ; THE BRACES AND TIES BEING 
EQUALLY INCLINED. 

Fi/r%t^ Consider a geometrical solution. , Take a vertical line 
db^ to represent P, and draw ho parallel to ak^ and prolong it 
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until it meets aeiao] then will ho represent the strain on ctk, 
and ae the strain on ae. The weight P is therefore sustained 
at a by two forces I'epresented by oc and ch. It is evident 
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tliat as pushes and (ik pulls on P. The force ac is transmit- 
ted to e. Take ed = aCy and draw dg parallel to ejiy and 
prolong it till it meets ek m g. Then will eg represent the 
strain on ek^ and dg that ouen^ In a similar way, resolve the 
stresses at A, and so proceed to AB. It wiU be observed for the 

61. — STRAINS ON THB TIBS AND BBACBS S — ^1. That the 

inclined pieces are alternately compressed and extended, as 
marked in the figure ; o indicating compression, and t tension. 

2. The amount of compression and tension is the same in all 
the braces and ties, and equal i/o ac ^=^ P aeo 0. Hence, the 
vertical component of the strains is xmif orm over the whole 
length, and equal to P. This is evidently true whatever be the 
length of the truss. This is the same as the transverse shearing 
stress in a beam fixed at one end and free at the other, and has 
a load P at the free end, i. e.y Sa = P. (See article 3.) 

63. — STRAINS ON T0B CBEORBS. — ^Tho pull oh OR ak IB 

transnutted to A through the successive parts koy oVy and rA. 
The puU of ki at k, and the push of ky on the same point, 
each of which are the same in amount as c^, and which together 
equal ji^ is also transmitted to j1, so that the strain of tension on 
ko is equal io he + ji. In a similar way we find that the 
strain at -4 is equal toho + hk + mo + ar. = ho + 3 hk 
z= 7 he, . In a similar way we find that the compression on 
the lower chord at -ff = 3 d/! We observe : — 

1st, That the upper chord is subjected to tension throughout 
its whole length ; 

2d, The lower chord is subjected to compression throughout 
its whole length ; 

3d, The tension of the upper chord increases from the free 
end to the fixed end, and tiiat the increments of increase are 
equal at the successive joints ; and 

4th, The compression of the lower chord increases by succes- 
sive equal increments at each of the successive joints, and is a 
maximum at the fixed end. The increments are the horizontal 
components of the strains on the ties and braces. 

The third and fourth observations are analogous to the 
moments of stress when a beam is fixed at one end and free at 
the other, and has a weight P applied at the free end. 
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Secondly, consider an analytical solution. The atrainfl upon 
the tiee and braces ara sufficiently analyzed. To find the strain 
upon the Ttrth bay, as to^ of the upper chord, we may at first 
suppose that this bay is severed, and that a horizontal force ^^ 
equal to the pull on this bay is substituted for the stress. 
When ro is severed, the truss tends to turn about q^. Take q 
as the origin of moments, and erect qy perpendicular to to. 
The lever arm of P is ay ; and the lever arm of t^ is gy. 
Hence, we have 



But4r= 



2d> ^cb 









P. 



D^ ab ~ P 

+ cJ = 6o& = 5P im^ 0. 



^« = 5 d>. This equals om + M 



63. CASK II. — ^A SBMI-TBUSS HAS EQUAL -WEIGHTS AT BVEBT 

JOmr OF THE LOWSB CHOED. 

Let the truss be like the preceding one inverted, as in Fig. 
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57. Let the joint at which the weights are applied be num- 
bered in regular order, beginning with 1 at the free end. For 
convenience let the weight at 1 be called ^j; that at 2,/>„ 
and so on. 

64. — sntAiNU ON TUB Tiss AND BRAOBS. — It is evident 
from the analysis of the preceding case that if, p^ were the 
only weight on the truss, the vertical component of the strains 
would be uniform over the whole length and equal p^ ; and 
that the strain on each tie and brace due to this load would be 
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p^ Bee 0. Similarly, j>^ would prodnce a strain of _p, aec 5, 
on all the ties and braces between 2 and JS. Similarly, p^ 
would produce the same strain on all between 3 ahd JS ; and so 
on for any number of weights. Hence, the strain on the first 
pair of braces {braces being used in a general sense to include 
inclined pieces) will be p sec d 

Strain on the 2d pair = 2 j> sec d 

Strain on the 3d pair = 3j> sec d 

Strain on the Wrth pair = np&ecO (98) 

"We here observe that the strain on the pair of braces 
between the loaded joints is equal. Also, the first one is 
subjected to tension, and the next to compression, and so on 
alternately to the fixed end, as shown in the figure. The wall 
supports all the weights ; hence the vertical force on the wall 
equals SP. 

SS» — THE sntAiNS ON TKB oHORiM may be found by add- 
ing the components of the strains on the ties and braces as 
stated in the preceding case. We will thus have for the strain 
on bay 3—4: — 

On=^ t^Bind + {?! sin ^ + ^, sin ^ 4 e^ sin + t^ sin 

= j? tcmg +i> tcmg + ^jptcmg + 2j> tomg + 8jp 

r/mg0 

= 9^ tavk/g 0. 

But the more common mode, and one whidb is generally the 
easiest, is to find the strain from an equation of moments, thus : — 
from the joint x directly over 4—3, let fall a perpendicular 
xz to 4—3. Let the stress on 4—3 be &. Taking x as the 
origin, of moments^ and the moment of o' will be o'xz = </ 2?. 

The moment of j>i = j>j x s^l = 2J ^i i ^ v ^ 

The moment of j>, = j>, x s 2 = IJ ^, ' ' ^^ ^ 
The moment of j>, = j>, x a 3 = \lp^ ^ 

Hence, we have, when j>j = jp,= j>„ etc. =^ 
^J9 = 4J^ 

91 
. .•.(/ = -^^ = 9 j> tang 5, as before. .(99) 

Generally, if n = the number of the bay, we have 

o„ = rC ptamtg 0. 



r 
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jiliis will give the ptiBh on the lower chord at the walL The 
teUflion on the nrHi bay of the upper chord is : — 

tn=^ in{n + 1) j> -jj- = n{n + l)p tcmg 0. .(100) 

If the first bay of the lower chord next to the wall Ib a fall 
onp, as in Fig. 58, the mode of solution is exactly the same, and 
the strains upon all the parts will be the same as in the preced- 
ing case for the same load, except for the piece O^j which is 
additional in this figure, and will be subjected to a greater 
strain than any other part of the chords, but the strain is cor- 
rectly given for this bay by Equation (100). 




Fia. 58. 



66* — OPEN suriNO BRiBGB. — ^Whcu a swing bridge (a kind 
of draw-bridge) is open, like Fig. 69, it is in the condition of a 




girder supported at the middle and uniformly loaded. There 
may be no live load upon it^ and the several weights which are. 
due to the weight of the bridge may, without sensible error, be 
considered equal on the lower chord, in which case the analy- 
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sis of strains is the same as in Case 11. If the load is considored 
npou the upper chord, the analysis is essentially the same. 

67* — CASE III. — SUFPOSB THAT A TBIAl^GUULB TRUSS IS SUP- 
FOBTED AT ITS ENDS AOT) LOADED AT ANY POINT OF THE UPPER OHOBD. 




I T e uyr r A 

Fia. 60. 



Let the truss be represented by Fig. 60, in which the tri- 
angles are isosceles. For the Dresent, neglect the weight of the 
truss. 

88* — GBOMBTRioAii 8oi«iJTioN«— Let the weight p be ap- 
plied at the third joint in the upper chord. Let V^ be amount 
which the support a sustains, and F, that sustained at g. 

Let fall the perpendicular 3 y. According to the principle 
of the lever, we have 

Let, gh! represent T^, and construct the parallelogram gKKiy 
and hh' z= gi will be the strain on the chord ga^ and gh = the 
strain on the brace gQ. gi is transmitted to a through the 
chord dg ; and ^A to 6 through the brace g&. Take jQ = gh 
and construct the parallelogram 6;H, having 6; for one side and 
jk parallel to the upper chord for the adjacent side. Then/A 
= 26 will be the strain on the first bay of the upper chord, and 
k6 z=jQ =1 the strain on the tie yB. M will be transferred toy 
and Jm = ^6, resolved as before. The part fo is trans- 
mitted through the chord until it is resisted by an equal strain 
at the opposite end. Proceed in this way with each of the 
resultants until we arrive at 3. 

Then begin at the opposite end and take ax = F^, resolve it 
ond proceed as before until we arrive at the same point 



\ 
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We thns Hud that the BtrainB on the bays of the lower chord 
are: — on gf, = to ^ ; on/ey z= yi + fo; on ed^^ gi + fo 
+ eg;ondeyZ= ffi -{-fd + eq -\- dr; and so we might proceed 
to ay observing to subtract eu^ etc., after passing y. But it is 
better to begin at a and thns find for the strains:— on ab^ = 
as; on hOy = as + it; on odj = as + it + cu^ which also 
equals rd -h qe + of + iff. 

69* — OmSRVATIONS ON THB PRBOBDINO RBSiri«T8. — 

We observe from this solution that 

1st, The strains on all the ties and braces between 3 and g 
are equal to each other, and that the same is true of those 
between 3 and a ; but the strains on the latter exceed these on 
the former if a 3 is less than 3 g. 

2d, The strains on the chords are greatest at and under 3, 
where the load is applied, and are least at the ends. 

We might proceed in this way with weights applied at other 
points, but a numerical solution shows the results more clearly. 

CASK HI. — Suppose that a tblanoitlab truss is loaded at 

BVEBY APEX IN THE UPPEB CHOBD. 

Let the truss have equal bays, the triangles isosceles, and let 
the weights be applied at the joints 1, 2, 3, etc., in the upper 
chord, as shown in Fig. 61. 

70. — ^DISTRIBUTION OF STRAINS ON TRll TIBS. — ^Ll the 

following solution of this case, I consider the effect of each 
weight by itself, and enter in the figure by the side of the piece 
a number which indicates the amount of the strain, and enter 
it in such a way as to indicate the character of the strain, 
whether it i&phis or minus. This process I call the distribu- 
tion of strains. There may be two subdivisions of this case : 
First, when the number of bays is even ; and second, when it is 
odd. First, consider the case in which the number of bays in 
the supported chord is even, as in Fig. 61, where iT = 6. There 
will be as many joints in the upper chord as there are bays in the 
lower. In order to distinguish the several weights from each 
other, let jp, be the load at 1 ; j?, the load at 2 ; j>, the load at 
3, and so on. Also, let v^ be tiie amount of p^y which is sub- 
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Fia. 61. 

tained at a ; v^^ the amount of ^, which is sustained at the 
same point, and so on, so that Fi = Vj 4- v, 4- v, + etc. 
Similarly, let F, = v' + v'' + t?'" + etc. 

Let fall the perpendicular 1 y ; then, according to the prin- 
ciple of the lever, we have Vj I V, ! [ a^ ! yf 

t^i = -^i>. = Hi>., and ~^.3^-ir>^^/ 






?; ir;; a 



(J ; ^-y 



.'. V, + t;' =i>ij as it should. 

Let = the inclination of the brace to the vertical ; then f/ 
resolved in the direction of the brace g 6 gives for the strain on 
g 6 due to jp^ ; iV i>i *^ ^> which is compressive. His is re- 
sisted by the strains in 5—6 and Qf. The part in/*6 is tensile 
and equal \jo ^p^aecd 9A before, and is transmitted toj^; and 
the same amount by compression to 5 ; and so on to 1. We 
observe that all the braces which are inclined towards 1 from 
the abutment are compressed, and those which incline the 
opposite way are tensioned.* 

v^ resolved in the direction of the brace gives -J^-i^i *^ ^* 



^ HiIb is oainedj but it oomes in here bo natozal after eomprttted, and is so 
expressive of tha idM which is presented, that we have used it 
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The only difference in the value of these expressions is in the 
numerators, the quantity -^ p^ sec ^ 'being common. Let the 
numerators represent the relative amount of the strains. 
These numerators are entered in Fig. 61, opposite j?i, j?„ etc., 
which are placed at the right and left of the braces in the 
figure. For compressive strains the numbers are placed on the 
right-hand side of the tie-brace, and for tensile strains the 
numbers are placed on the left-hand side. Thus, beginning at 
the right hand, and opposite ^„ the number 1 is placed on the 
right side of ^ 6 ; on the next one it is on the left side ; and so on» 

Kext consider j>,. We have v, = iV i^i *^ ^> *^^ "^^ = A 
p^ sec 0. The numbers 9 and 3 are entered as above explained, 
opposite^,. Proceed in a similar way with j>„^^, and so on to 
the last. 

The figures which are thus entered may be called coefficients 
qfstrad/ns. 

71. — BBSiJi«T8.-An examination of the coefficients oj^ strains 
in Fig. 61. readily gives the following results : — 

a. Whether the weights are equal or unequal the end braces 
are strained most when all the apexes are loaded. 

J. The strams on aU the other tie-braces are not a maasiarhvm 
when all the apexes are loaded. For instance, if we consider 
the brace-tie c 3, we observe that p^ and j>, produce tension 
while all the others produce compression, and when all ar« 
loaded it is evident that the resultant strain will be the dif 
f erence of the two strains. If all the weights are equal, the 
sum of the coefficients of compressive strains will be 16, as 
given in the figure, and the sum of the tensile strains will be 
4, which is also given in the figure. The resultant strain wiU be 
— 16 -h 4 = — 12, which is placed on the right-hand side of 
c3. 

c. Whether the weights are equal or unequal, the strains ot. 
the tie-braces between the loaded joints are equal, but in an 
opposite sense, i.e.^ if one is compressed the other is tensioned. 

d. To produce a rnaamnuTn strain on any pair ^ for a/n, uni- 
form load^ aU the apexes between that pair and the remote ena 
must be loaded^ and M the others vmloaded. Thus the tic* 
brace c 8 wiU be compressed an amount represented by 16 if 



T^^v^L^^ /L^J-XAKHX^uC- AW-JU ^j-^^-tJL ^<tpi^ >^^JLS^^UjL:4r^^ 
p. 1 , A arBAmS ON THE TCbHBBACEB. i-^ Ol / ♦ / 

the apexee 3, 4, 5, and 6 are loaded, and 1 and 2 unloaded ; but 
if either 1 or 2, or both, are loaded, the compressive strain will 
be diminished by just the amount of tension which they would 
produce. 

e. A maximum^ in the opposite sense to the former^ may he 
obtained hy loading from the pair considered to the nea/r efnd 
and unloading all the rest. Thus, if <? 3 has a maximum omnr 
pression for the loads 3, 4, 5, and 6, it has a maximum tension 
for the loads 1 and 2. Similarly, c 2 has a maximum tension 
for the loads on 3, 4, 5, and 6, but a maximum compression for 
the loads on 1 and 2. For convenience in the further discussion 
of similar cases, call the greater maximum, or that given by 
principle d — the phimaky MAxunfJifi, and that given by 
principle e the secondary maximum. 

Jl Suppose that all the apexes are loaded with equal weights. 
Add all the coejffudents of strain for compression, as shown in 
the figure, and do the same for tension. Take the difference of 
these and enter them as shown in the figure. We thus find for 
the resultant strain, for the central pair, 12 for the first pair, 
each side of the centre, 24 for the next, and so on to the end, 
from which we obsei've, in this case, that: — 

lat, There is no strain on the central pair of braces ; 

2d, The strains upon the tie-braces are proportional to the dis- 
tances of their lower end from the centre of the lower chord. 

Hence, the actual strains on the tie-braces are : — 

On the central pair, = 

On the first pair from the centre, = 12 x -^psec 6=^psec 6 
On the second pair from the centre, = 24 x ^ j? «^ ^ = "^psee 6 
On the third pair from the centre, =S6 x ^psecd = 3psec9 
On the a; pair from the centre, =: xp see (iOl). - 'A^^/J ^"^^^^ 

With the exception of sec 0^ these results are the same as for\^^ 
the shearing stress on a horizontal beam which is loaded with /^ ^^^^ 
equal weights at equi-distant points, and symmetricallyplaced^ / ^r i ^ 
in reference to the centre of the beam. See Eq. (17.) T ^7 v ' ^ ^< u^^ 

g. When the weights are unequal, any joint may be loaded so ^^-^-t^ 1 
heavily as to determine the nature of the strain on all the tie- fe^ ^ 

braces, in which case all those which incline towards the load -S" 

will be compressed, and those which incline in the opposite 
xlire^ion will be extended. » . / f > r r* . 
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If all Ae weights are equal, and the central pair,^, and j?« be 
removed, there will be no strain on all the tie-braces between 2 
and 6. Similarly, if j?, and j?, also be removed, there will be 
no strain on all between 1 and 6.^ 

73* — FORMITLAS FOR STRAINS ON THS TIB-RRACKS FOR 

A uniforuk load. 

Let IT. =. the total number of bays in the supported chord, also 

equal to the number of joints in the unsupported 
chord ; 

n = the number of bays from one end to the foot of the 

• pair which is considered ; 

X = the number of bays from the centre to the same pair, 
and 



- 



i> =i>i =i>. =i>. =i>«etc. r^ 

We have y^ ^ "^"^i 

n + a? = i ^ when ti < J iV", and \i^ ^^ 

n — ic = i iT, when n > i Jf r^\^^\^ 

which in Eq. (101) gives [ 

\ 
xp8ee0-±{\N'-'n)pseoe^ ^F {IP '-2N^7i) ^secd 

for the strain on the tie-braces which terminate at the end of 
the r^-th hay. In the last form the quantity in the parenthesis is 
the coefficient of strains. 

This equation may also be deduced from the principle of 
shearing stress. For we have F, = 4 Np^ and between the end 
and 7^-th bay the load is np ; hence, according to Eq. (17), we 
have /Si = i Np — np = {i IT — n)p = i {IT — 2n)p, 
and this resolved in the direction of the brace gives 

i (iT— 2n)p sec = {iSp — np) sec (102) 

In this case we observe that the negative values, which result 
for n> i Ify ^pply beyond the centre. * 

♦ I h&ye sought for a formula which will give the strains on the ties ami 

braoes by the simple substitation of the successive numbers 1, 2, 3, etc., the 

<^ results of which would give the strains oi;i the successive ties ana br.uiep j 

^ . 7 / 7N , /C/tt'.ic^ Mj. / <X - i^^;U4^ m-vw^U^ c.-^^ 



. ( '. 



/- ^, - ^ 
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^or the end braces, a 1 or a 6, mture n = or = ilr, and . ^ 
Eq. (102) gives -THw.-^^ ^^L*^ ^*^^ ^ ' "T-^lo <«'*-t/^'tt*^ 
+ i iTjp ««c 5 = i TT, w<5 ^ (103) «^ JMt-*^. 

in which TT, is the total weight of the load. 

This solution suggests another mode of considering the prob- 
lem. Thus, in Fig. 61, the stress on the end braces ii^X p see 
6. To find it on the next pair, conceive tlmt the truss is sup- 

counting^ from one end^ as in Fig. Ql-a, This I have done by trial. We mnst be 
gnided hy Equation (102), and mnst make such an equation as that the results 
shall be the same when we substitute 2, as when we substitute 8 ; similarly, 
they must be the same for 4 and 5, and so on. This I do by making such an- 
expression as that one term shall disappear when the other is reaJ. The signs 
of the results must also be minus for the odd numbers from the end to the 
centre, taidpkts beyond the centre ;— and plus for the even numbers between 
the end and centre. These results may doubtless be secured in various ways, 
but I have hit upon the following : — 

First, let »^ = an odd number of tie-braces = 1, 8, 6, etc., then n' = 

2 » + 1 ; and Eq. 102 becomes i I i^T— »' + 1 l? ««5 ^. This term must be 

80 affected as to be minus for the first part of the truss, and at the same time 
reduce to zero when an even number is substituted for n^. 




Fig. 61-a. 

We observe that eos 2 n'w is always + 1 for integral values of n' ; and evi- 
iently cos 2 n'v—Gos 2 n'n = 0. The odd powers of (—1) are —1 , and the even 
powers are + 1. . •. (—1)'*' ftw 2 n';r is — 1 for all odd values of n\ Hence 

i I (—!)«' aw 2 n'n—cos 2 n'x "| 

is —1 for the odd values of n, and zero for the even values. Thus, 

If n' = 1, we have \ ("(-I) x 1 - l1 = - 1. 

If n' = 2,wehavei n + l) x 1 - ll = 0. 

If n' = 8, we have \ [(-1) x 1 - ll = - 1, 
and so on. Henoe, for the odd numbers of the tie-braces, we have 
i I i^— y +lj p sech I (— 1)'*' «w 2 n'n — <»j3 n'A 



\ 
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ported at 1 and 6, the points where the firet weights are applied 
counting from each end. Then the stress on 1 & and h 2 will 
be the half sum of the remaining weights mtdtiplied hj secO; 
which is the same as (iS^ — Ip) sec 6. To find it on the next 
pair, conceive that the truss is supported at 2 and 5, and we 
have the stress on 2 c and c 3 equal to one-half the sum of the 
remaining weights multiplied by sec or {iXp — 2p) sec 0. 
Hence, generally we have (i^Sp — np) sec b& before. 

If n' = an eren nnmber of the tie-bzaoes, we haye n' = 2 n, and Eq. (102) 
beoomes i (JT— n'), which expression most be positiye for even yalnes of n', 
and disappear for odd values ; and aa it is to be real when nf disappears, we 
wiU use nf instead of n'. Eeasoning in exactlj the same waj as before, and 
we have for thia term 

i fy— »'] P «<w ^ [(-1) ♦*'«» 2 n'T + «w 2 w'irl 
Henoe, we have far the 9train upon the n'-th Ue-hrace, 

\\N-n' + l] X [(-IK aw2n'ir - cM2»'irl + [iir-»'l k 

H— 1)«' aw 2 «'t + aw2»'irj tip««jtf (108a) 

EZAHFLB.— Let JT = 6 aa in Fig. 61. 

Then for the first bnoe n' = 1 and we have I 6 x (—8) + 6x0 \}ip 9ec$ = ^BpHc0 
Then for the neoond tie^moe n'= 9 and we haye I 6 x (0) + 4 x (+ Sn3l^p«ec0 =+ %pms9 
Then for the third tie-bnuse n'= 8 and we hare j 4 x (-2) + 8 x (0) j)l^i> •«;« = - «/» miB 
Thenfor the fourth tIe-braoen = 4and we haye I 8 x (0) + 2 x (+2) lHP*ec$=: +p$eee 
Then for the fifth tie-braoe n'= 6 and we haye I 2 x (-2) + ! x (0) \^ p 9ec B ss ^ptecB 
Then for the sixth tie-hraee n'= 6 and we have j 1 x (0) + x (+ 2) JXP Mc^ = 
Then fbr the seventh ti»-taraoe n'= 7 and we havel x (— 2) — 1 x (0) \xp mc 9 = 
Then for thcr eighth ti»4)raoen'= 8 and we haye I — 1 x (0) — 2 x (+8 I^PMctf = —pteGe 

Then for the ninth tie-braoe n' = 9 and ^e have I -2 x (—2) —% x (0) I }^p «ec 9 s x p§eG0 

and BO on. It will be obseryed that the signs change after passing the middle, 
as they should. The signs take care of themselyes, and the result tells whether 
a piece is a brace or tie. 
The trigonometrical term may properly be called a Modvhis of 8hgne, 
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73« — ^NOTMBB SOLUTION. The strain on the end bzaces ia [1 + 3 
+ 5 + 7 + eta, to Jf terms] ^ ^ = J Np see B be before. The strain upon 

r ^ 

the pair at the end of the n-th bay is I (1 + 3 + 6 + 7 . . . . to (JT— n) terms) 

n c see B 
— (l + 8 + 6 + ....to» terms) ^-y- 

peeeB ' 

-before. ^ f-^ ^ * i" ^ ^ Co-e^ i A^£h-«A^^, 

74. — MAiLMmvm strains on tbeb tib-bracbs. — The con- 
ditionB for a maximum strain on the tie-braces have been given 
in d, Article 71. From the figure we see that the primary 
maxunnm strain on a pair at the end of the n-ih bay is 

Fl + 3 + 5 +. ... to (iT-n) termsl-P|^ = (iVT-n)'^^^ 

This may also be f onnd by the principle of shearing stress ; 
for the load is {N^rC)p to produce a maximum strain, and 
from the pi-inciple of the lever, we have -f c^(tc^/r/f UJ ^JrtujuiXuJ 

and as there is no load between Yx w^d the pair considered, 
this equals the shearing stress. This multiplied by sec 0^ gives 
the actual strain ; or maxi/mum strain on the braces at the end 
of the n-tli hay ia 

iJ^-ny^ (104) 

If the moments be taken about the other end, we have 
F. m = {N'-n)p^ X [iT-i (iT-n)] I 

:. F. = (ir-.n)(ir+7.)^ 

Wealsohave V, + F, = {JT- n)p.\ F, = (iT- n)p - F, 
But Ss = Fj — (JT— ri)p^ — F^ as before, only with a con- 
trary sign. 

toMiM^ ^ jtd^^J^ wi.u.«^_^ ^/U^- ^k^Cu /U^ 
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Secondwry maacimv/nh. An examination of the ^ case shows 
that we may still consider (JT — ri) joints loaded, but n must 
exceed ^N. Hence Eq. (104) gives the strain for the seoondary 
fnammum when n > i-ZT.* 

7Sm — ^STRAINS ON TKE CKORBs. — Distribution of the 
strains. 

First consider p^. iV-Pi ^^ supported at g and \^Pr at a, as 
before stated. The former is to be resolved in the direction of 
the brace g% and of the chord gf. That in the direction of g^ 
has already been considered. That in the direction of the 
chord is evidently -j^J^: ^^"^9 ^- Taking 1 to represent the 
strain as before, and it is placed on the lower side of gf to re- 
present tension. This strain is transmitted through the suc- 
cessive bays until it is met by a counter-strain from the opposite 
end. At fy the tie fQ produces a pull of ^^^ J?i tang 6, and the 
brace y^5 a push of the same amount, so that both produce an 
increment of -^p^ tang 6\ which added to the xV-Pi ^^^ ^ 
previously found gives -^p^ tang 6 for the total strain ony^. 
Similarly, we find -^p^ tang 6 for the strain on ed^ and so on 
to ba^ where it is -^ p^ tang 0. Proceeding in this way with 
each of the weights, observing to pass from each end to the bay 
directly under the weight, and we readily find all the numbers 
which are placed below the lower chord. In the same way we 
find those which are placed over the upper chord. 

We observe from the figure 

1st, That the strains are all in the same sense, L e., aU the 
weights produce tension on the lower chord, and compression 
on the upper ; and hence, 

2d, The chords receive their maximum strain when all the 
joints are loaded ; and 

3d, If all the weights are equal the greatest strain will be at 
the middle of the chords and least at the ends. This is similar 

* Proceeding as in the piQceding foot-note, and we may find for the maximuiii 
etrain on the n'-th tie-brace the foUowing expression : — 

= [2 N— 7if — iTx ["(—1) *' coB%n'it — eos%n' ^ 
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to a beam which is supported at its ends and uniformly loaded 
over its whole length. 

This mode of determining the strains on the chords is not 
considered practical. 

The method hy moments is the usual one. 

From 1 let fall the perpendicular yl 

Let yl = Z) = the depth of the truss ; 
t^ = the tension on ahj the first bay ; 
t^ = the tension on hCj the second bay ; 
tn = the tension on the n-th bay ; and 
Z = aJ = the length of a bay. 

Take the origin of moments at 1, the point about which the 
truss will turn if ah be severed. When the internal forces are 
substituted for the strains, and we consider the conditions of 
equilibrium in I'ef erence to them, we must consider the external 
forces only on one side of the section ; for the internal forces 
transmit the strains from one side of the section to the other. 
Hence, for equilibrium, we have 

V^ay^t^^yl Vf/ t ! ! ) I : ^^ 

• *" yl ' ■" i? * 

for the tension on the first bay. 

For the second bay take the origin of moments at 2, the 
point about which the frame would turn in case he were severed^ %,rr^ 
Hence we have (>|^ML/fo /vv^-* cc t-^vt/Jix^vj dMx^t^i'^^i^^^ 

for tiie tension on the second bay. Similarly, 

<. = (5 F. - 4j>. - 2i>.) ^ 

<« = (7 F. - 6i>. - 4i?. - 2 j>.) j^ 

U = ((2.n-l)F.— (2»-2)j>.— (2n-4)p...i>,)^. (106) 
lip =^j>i =i>, =i>, = etc. =j>n ^© repression becomes 



< 







\^ 



>^ 88 TBBATISB OK BBIDaES. 

\ 

mnoh Bimpliiied, but instead of reducing the preceding equation 
for &ifi case, we may solve it directly from the figure, thus 

Moment of F^ =^i (^ — i) ^ = \ Np (2 ti — 1) Z, whicb 
is the moment of an upward force. There will be n downward 
loads including the one over the n-th joint ;* hence the down- 
ward load will be np. The abscissa of the centre of gravity of 
this load from the origin of moments, is i (w — 1) ^ ; aJid 
^ hence tlie moment of this load is i n (tj. — l)i> ^« The moment 
"^ y^ 2J of the tension is t^, D^ Hence we have for 

"^^- ^. The tension on the 7irth hay of the lower chord 

^^ ^ r ~\vi ^ 

\\ <, = rir(2n-l)-2»(«-l)J|-i (106) 

^ > BXAHFLB.— Let Jf = 6 ; -^ = tang e. Then Equation (106) gives 

y6/^ For n = 1, ^1 = f } p tang B 

(^^ n = 2, t4 = Hl> ^^ff ^ 

v./ y n = 3, «, = ^1^ p ton^r $ 

» = 5, <s = f I j? <(wi^ ^ 
n = 6, <« = ^1 p tang $ 
It will be observed that the numerators, 36, 84, 108, &c., are the sums of 
the strains as g^ven in Fig. 61. 

In Eq. (106),if 7i = iJV,t„ = \—^= \ ^,. ... (107) 

in which 

TTj = the weight of the total surcharge, 
L = the span, and 
D = the deplh. 

Stravna on the vpper chord. 

Let c^ = the compression on the w^th bay of the upper chord, 
and the other notation as before. 

Let all the weights be equal to each other. If any bay of 
the upper chord be severed, the system will turn about some 
joint of the lower chord. Take the origin of moments at 

* The moment of the load at the joint about which it tends to turn is zero ; 
henoe it wiU make no difference whether we include this or not. For the 
lever arm will be different, and the result will be the same in both cases. If it 
18 not included, the load wiU be (w — 1) p. 
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any joint (the n-ik) of the lower chord. The moment of V^ will 
be V^fd = i Npfd. There will be a load equal to wp acting 
down, whose lever arm (or distance from the origin of moments 
to the centre of the loading) will be \nl ; hence the moment 
of the downward forces will be \ffpl. Hence 

Tlie strain on the Tirth bay of the v/pper chord will he 

o„ =( \Nj^ - i«'i>Z)-i = (iV - »)-^.. .... (108) 

that is, the strains vary as the product of segments into which 
the chord is divided by the joint considered. 

If 71. = i iTwe have 



D 



D 



iJ 



EXAMPLE. —Let J!r = 6, and j. = tang 9. Then Eq. (108) giYes, 

For n = 1, (Ji = 14 i? tang 

n = 2, fla = f } ^ tang a 

TO = 3, <?» = ^/ p tang ^, etc. 
The nnmerators of which are the same as the sum of the strain, in the several 
bays of the upper chord in Fig. (61). 

76, — SUB-CASE, IN HrjaiCK THE NUMBER OF BAITS IN 

JHE liOHTER CHORD IS ODD. — ^In the preceding case the 
nxmiber of bays in the supported chord was even. Now suppose 
that they are odd, as in Fig. 62, where JV" = 5. 



/V=5 




Fio. 60. 



Distr^mtmg the strains in exactly the same way as before, 
and we have the numbers as given in the figure. A compari- 
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son of Fig. 62 with Fig. 61 shows that all the principles 
which were drawn from Fig. 61 are applicable to this, 
except that of the strains on the central braces. There it was 
zero, — ^here it is -jJ^jp mc = ij) sec 0, 

The cause of this difiFerence is due to the fact that in thi^ 
case there is a load p at the middle joint, which was not at that 
point, in the former case. The strain on the central pair here is 
the same as if no load was upon the truss except the one at the 
third joint. 

The foTTThulds for the strains upon the chords and tie-braces 
are tiie same as in the preceding case. Hence Eqs. (102) (104) 
(106) and (108) are directly applicable. 

77. — iNVEHTBB TRU8SS. — ^If the truss is supported by the 
upper chord, as in Fig. 63, the nature of the strains will all be 
inverted; that is, the supported chord will be compressed 
instead of tensioned^ and the end tie-braces become ties instead 
of braces. But the amount of the strains on all the pieces will 
be the same as in the preceding case.* 




Fig. 63. 

7g. — WBIGST OF THB I^RUSS CONSIDEREB. <— ThuS far 

no account of the weight of the truss has been considered. This 
Is a permanent dead load. Its amount cannot be accurately 
determined until the dimensions have been determined, and 
these cannot be ascertained until the total load is known. Hence, 
algebraically speaking, the weight of the truss is an implicit 
function of its dimensions, and in most cases it is impracticable 
if not impossible to make it explicit. The practical way is to 
assume the weight of the truss and find its dimensions on this 
hypothesis ; then compute the weight from these dimensions 

* To make Eq. (103 a) strictly appUcable to this oaae wiU require a minvA 
sign before the whole expression. 
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aud compare the result with the assumed weight. If the 
bridge is properly proportioned, we see from the preceding 
analysis that the chords will be largest at the middle and 
smallest at the ends ; and the braces will be largest at the ends 
and smallest at the middle. We may, therefore, without sen- 
sible, error assume that the weight of the bridge is a permanent 
uniform load. If we further assume that the weight of the 
bridge is carried at the upper apexes, we have 

W 

-^ = i^j = «^, = w, = etc (109) 

in which 

TTj = the weight of the truss ; 

N = the number of bays in the lower chord ; and 

w^ = the weight on each joint due to the weight of 

the truss. , \ 

This value of w, substituted in Eq. (102) gives O^^^ - ^/v ^^ ^ 

For the strcmi on the tie-hraces at the end of the n-Hii hay due 
to the weight of the trusa^ 

= i (iV^— 2 n) w, sec (110) 

The differences 36, 24, 12, etc., placed opposite the tie-braces 

in Fig. 61 may be considered as coeflBicients of -^-^ see 0. 

Adding Equations (104) and (110), and we have 
2^ strains on the tie-hraces at the end of the w-th hay when 
the weight of the truss is considered^ ami, a uniform load 
extends from the n-\h hay to the opposite endy hoth loads on 
the upper chord ; 

= r(i\^- 7i)'i> 4- (i\r- 2 n) ir^,"|^-|^.(lll) 

^ Introdaciiig the moduli of Edgna and we have the strain on the »'-th tie- 
brace 

= \ Xi^N- n' - lYp + 4 (-y - »' + 1) ^wijx ^{ _ 1).' eos2n' 7t 
-c(m27i'»]+ [(2 Jir-n0^+4(^-»')-arw,lxr(-l)»' a»2n'ff + 

eo8%w 7i\y —jj 
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70. — ^DISCUSSION OF Bai^ATION (111). — ^Ist, If ft = ^ JV^ 

tho term containing w^ disappears ; that is, when the number of 
bays in the supported chord is even, the truss as an uniform 
load produces no strain on the central tie-braces/ and the 
Equation becomes 

i JTp 8eo0 = iW,8eo0 (112 a) 

for the maximum strain on the central tie-braces. 
2d, If 71 = 0, we have 

i {Np + ITW^ 8600 = ^ W 860 (113 h) 

which gives the strain on the end braces. It always exceeds 
four times the maximum strain on the central pair. 

3d, If iT = 1, we have the case of a pair of rafters, and at the 
same time making /i = 0, and we have for the strain on each 
rafter i (jp + w^ 8eo 0j which is the same as the second of Eqs. 
(68). 

4th, If n < i J^ the coefficients of ^ and w^ are both positive, 
and hence the weight of the bridge and live load conspire to 
produce strains when the live load extends over more than half 
the length of the truss. • ' 

5th, If n > i -A'J the coefficient of w^ becomes negative, and 
the other term remains positive, and hence the dead and live 
loads act in opposite senses, and hence the total strain is tlie 
difference of the two. 

6th, If Eq. (Ill) be placed equal zero, and solved for n, we 
have 

» = p-^^± sJ¥^1 -^~ J ^ • • ■ ■ ("^> 

It may easily be shown that there will always be one value of 
n in Eq. (112), which is less than JST and greater than i If, 
C/all this value n^ (for it reduces Eq. (Ill) to zero). The other 
^alue of n exceeds If, and hence is beyond the limits of tlio 
problem. At n^ the vertical shearing stress is zero. 

In order to get a better idea of the results of this discussion, 
conceive in Fig. 61 that all the apexes of the upper chord arc 
loaded with equal weights, then the end brace will receive its. 
maximum strain, which is found by making ti = in Eq. (1 11). 
Now remove j?i and the tie 5 1 and brace i 2 will receive their 
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maximtun strain, and may be fonnd by making n = 1 in Eq. 
(111). Remove jp, and the tie-braces c 2 and o 3 receive their 
maximum strain, and so on^ to the middle. 

As soon as we pass the middle, the resulting strains will be in 
the contrary sense to that which is produced by the permanent 
load, and there will be a secondary maximum, the jprvmary 
maximum being secured by the load passing off in the opposite 
direction. Continuing to remove the weights beyond the centre, 
we soon pass the point ti^, and after that the only effect of the 
remammg weights as they a/re removed one after the other will 
he to reUeve the strains which a/re produced hy the weight of 
the hridge. Equation (111) for n > n^ becomes negative. By 
moving in the opposite direction, the distance n^ will be counted 
from g. It will be observed that n represents the unloaded 
part. The tie-hraces each way from the middle to the joint n^ 
are true tie-iraceSj for they will be subjected to both tension and 
compression for loads which move cm or off either way. And 

generally we observe that in any case those inclined ] ^^^^^^^ { 
the point of zero shearing stress will act as j ^j ?■ 

EzAHFLB. — Letp = 6 t(7i and JT = 6 




Fig. 68-a. 
Let the rectangles on the upper chords represent tOiy and the spheres p. In 
Equation (111) make JV = 6 andi? = 6 Wi and it becomes ["(6 — »)• + 2 (8 — 

n) j pi '?L-. When n = 0, we have the case shown by (a) Pig. 63-a, and the 
strain is, f| pi see 9. 
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Betaining only the quantity in the parenthesis and we have for the mazi 
xntun straix. on all the tie-braces for a nnif orm load moving off without shock, 
by making n = 0, 1, 2, 3, etc., in Eq. (Ill), as follows : — 

For n = Of strain on end brace or 1st half pair, = 42, see a Fig.63-a 
n = 1, strain on end brace or 2d pair, = 29, see b FigSB-a. 

n = 2, strain on end brace or 3d pair, = 18, see e Fig.63-a. 

» = 3, strain on end brace or 4th pair, = 9, see d FigSB-a, 

n = 4, strain on end brace or 5th pair, = 2, see e Fig.GS'a. 

n = 5, strain on end brace or 6th pair, = — 3, see f Fig.QS-a. 
n = 6, strain on end brace or 7th half pair = — 6, 

Those which incline towards the rear end of the load act as braces, with the 
exception of the second one from the end which remains a tie. The last one 
is the strain on the end brace dne to the weight of the tmss. 

80, — PROBiiEM. — Find the Strain upon miy tie-brace — the 
CB-th for instance — when the 7i-th is strained to a maximnm. 
This is equivalent to finding the strain upon any tie-brace for 
any of the cases sliown in Fig.' 6S-a. 

81* STRAINS ON THE CKORDS HTKBN TKE WEIGHT 

OF THE TRrSS IS CONSIDERED. 

Let TF = W, + TT, = the total load ; then p + w,= TT-J- 
Jfy which may be substituted directly in Equations (106) and 
(108). Hence, we have for the strain on the Tirth bay of tlie 
lower chord 



(113) 



<n = ri\r(2»i-l)-2»(» — 1) |^2_tJ£L; 

And for the compression on the n-lh bay of the upper chord 
o„ = (JT- *.)ij (^ + «,.) (114) 

83. DIMENSIONS OF THE TIES. 

Let jBr= the section of a tie ; 

T = the modulus of tenacity ; and 
f= the factor of safety = J to ^ for iron, and ^ for 
wood. 
Then /KT = the working resistance, which must equal the 
strain given by Eq. (Ill) ; 
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K=Uj!ir-^yj> + (jy- 2 n) jtw^^^^. . .(iis) 




seo0 

In which for a maximum n should not exceed i J^, If several 
ties are used to resist the strain at any point, this value must be .->. 

divided between them. In the case of bridges there are always ^ 

two or more trusses, and the above values should be divided 
by two or more, and sometimes there are two or more ties in the 
same truss to resist the strains at any point. "When n exceeds 
■J- iV"in Eq. (Ill), the resulting values of the equation show the 
strains which will fall upon the fastenings at the end when a 
piece which is ordinarily a brace becomes a tie. In wooden 
structures the parts are rarely proportioned so as to vary accord- 
ing to the strains, but they are proportioned to carry the great- 
est strains, and all the other pieces are made of the same size. 
Conventional sizes are also sought even at the expense of some 
^vaste of timber, for the aggregate cost is generally diminished 
by so doing. 

g3. — BimENSioNS OF TKE BRACES. — The braccs are gene- 
rally so long that they may be considered as short or else as long 

columns. 

Let b = one side of a brace if it is rectangular ; •:p_ J\ ^ A^ ^ r>A 

t? = the other, 5 > (^ ; '^ J^ *^ U 

m = the number of braces used to carry a strain ; It X ^ 

f = the factor of safety ; and rL ^^^ ^ 

Then from (58), we have ^ '^ "^ 

If the braces are round, their total section will be mirr^ in i^ ^ 

-which r is the radius of the cylindrical column ; and r may be ^^^ ^^ 

found from Equations (60), (61), (62), (63), (64), or (65), as the -^^ i^ 

case may be, combined with Equation (111).- ^^J^ ^^'^^^ ^ 1'^ ^^ ^ ^ > 

84, — ^DIMENSIONS OF TJSB CHORDS. — The dimensions of |' 
the chords may be found in the same way as the ties and 
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CASE 





BUPPOBTED CHORD. 



85. — BI8TRIBUTION OF STRAINS. — In Fig. 64: the number 
of bays in the supported chord is odd, and equal to five. As 




/ . 



before, calling the weight at 1, ^„ at 2, jp^^ etc., and we find 
that Fj sustains four-fifths of ^i ; and F"a, one-fifth of ^j. The 
proper figures are entered on the upper part of the truss, those 
representing compression being on the right, and tension on 
the left of the respective pieces, as in the preceding case. 




iV=^tf 



Fig. 65. 



In a similar way we find the distribution of the strains when 
tlie number of bays is even (six) as in Fig. 65. 
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All examination of Figs. 64 and 65, compared with 
97 and 102, shows that they present no new prmdples. There 
is a difference in the nnmerical results which is due to the fact 
that the load in this case is supported on one less apex than 
there are bays. We observe here that the two tie-braces at 
each end receive the same strain, so that we may count them 
by pairs, the ^th pair corresponding to the Wrth bay. 

86. — 8TRBS8 ON TBEB TIB-BRACB8. — Ist, JPbr egiiol weiffhts 

en every Joint. 

The total load = (iV^ -l)p 

... F, = F. = i(i\7-1)^ 

The number of weights between the end, as a, and the 
n-th pair, is /i —1. Hence, the shearing stress on the ^th pair 

is 

. • . strain on 7i-th pair due to the jp'« is, 

= i (iV^-2 n+l)p8ec0 (116) 

strain on rirth pair due to the weight of truss is 

=: i {J}r —2 n -^1) w, sec 6. (117) 

and the strain on nrth pair due to the j>'^, and weight of truss, is 
= i(i\r- 2 w -f 1)(^ -hw,)8ec0 (118) 

In this case the total weight of the truss is supposed to be 
supported at the joints of the lower chord. This is done for 
convenience in the investigation. A part of the weight is evi- 
dently supported at the joints in the upper chord, and the re- 
mainder at the joints of the lower chord. This modification of 
the case will be considered hereafter. 

The above result may also be found by summing the series of 
coefficients, and multiplying the result by ^ ^^ d, as in the 
preceding case. Thus, 

ri+2+3+4+;f^(ir— n) terms -{1+2+3+ to(n-l) 

terms) ]^^ =iir(i^-2n+l)-^ 

2d, Maosmmm strain for equal weigMs. An examination 

of Figs. 64 and 65 shows the same result as before, tthat to 

produce a maocimum stress on the n-th pair of braces the 

7 
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load must extend Jrom that pair to the remote end^ amd the 
remaimng part he vmlooded. This principle i& general for all 
troBseB with parallel horizontal chords. In this case we have 
(n —1) unloaded joints, and N — n loaded ones. Hence, for 
tiie maximnm stress on the firth pair of braces we have 



[ 



1+2+8+ etc.,. . . .to (JT- n) ftjm« |-2-^ = ( JT - n) 






(ilT-n+l)^ (119) 

Or by the principle of shearing stress, we have 

^.= F. = (iir-»)(ir-n+i)^^ 

or 

as before, with a contrary sign. This multiplied by Beo 6 gives 
the stress as before. In the former expression, S^ = F, because 
there is no load between V^ and the n-th pair to be subtracted. 

3d, Maamrvwm, streaefor a partial uniform live load OAfid a 
total 'dead load. The latter includes the weight of the truss. 
Adding Equations (117) and (119) gives 

27ie maximum strain on the tiriiipadr of tie-braces Jbr uni- 
form weights indtuling the weight of the truss. 

= [{ir- n) (iir- « +l)i> + (JT - 2 « + 1) iV«7 .1*^ (120) 

in which for a primary maximum n = or < ^ IT. 
This equation may be discussed in the same way as Eq. (111).* 



* By numbeting the tile-btaoes as in Fig. 66, and introdaGing a moduku ^ 
dgnSy we have 
The maabman strain an the n'-th Ue-brace. *>) ^ 

^^ w w w ^ ^ w •.- ^• 
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8T. — oENERAi* mnBTHOD. — ^For parallel horizontal clioi*de 
the shearing streBS multiplied by the secant of the inclination 
of tho tie-braces, gives the stress on the ties and braces at that 

section. 

' 

The reason is evident, for the chords do not sustain any trans- 
verse stress (when the joints are perfectly flexible as we are now 
supposing), and hence it is all sustained by the ties and braces. 
The value of the transverse shearing stress is given in Article 
84 of the author's ^^ Besistance of Materials." It is simply the 
resultant vertical force. Hence, if 
Fj = the reaction of one support ; 
V^ = the reaction of the other support; 
Xj^jp = the sum of all the weights between Fj and the end of 

the ;2rth bay ; and 
X^"* P = the sum of all the weights from the end of the Wrth 

bay to Fi ; we have 

^, = F, - X"/= - ( F; - X/'-'^Jp) (121) 

and the stress will he S^secO (122) 

It is easy to show, from Eq. (121), that ihe jn*vnia/ry ma^rrium 
is obtained for a uniform load, when the longer segment is 
loaded and the shorter unloaded. 

^ . 

88. — ^PBOBiiBins to he soloed ly Equation (121). 

1. Find the strain on the avth pair of braces when the n-th 
receives its maximum for equal weights, the weight of the truss 
being included. 

2. Suppose that JTis odd and that equal weights are placed 

on the even joints, required the strain on the tie-braces between J 

the Tir-th and (ji -h 1^ weights ; the weight of the truss not con- . 7 

fiidered. ^«^«- ^W' ^ (^^^^ ^'^ 

3. Let jp, = 2|pi ; jp, = 3p, ; p, = ^, etc., jp„ = np, re- . ' 
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= \ UjSr-n*) (JV— n' +1) p + (JV -2 n' +1) Jywil x [ ( -I)-' «w 3 »% 

- <w2 »' irl + Un- n') (JV- n' +l)p + (Jf-I^ft' +1) Nw^ x ["( -1)-' ^ 
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quired the shearing stresB between the let and 2d load ; the 
3d and 4th ; the (» — 1)* and n* There beii^ N bays in 
the lower chord, and the load on the low^ choi 

4. Find the strain on the ^th tie-brace when all the joints in 
the npper and lower chords are eqnally loaded. 

In this case the load may be equally distributed on both 




t- 



Pig. 67 



chords, or it may all be on the lower chord, but in the latter 
case the weights at the middle of each bay must be supported 
directly by vertical ties which transmit the stress directly to the 
joints in the upper chord. The vertical ties are not essential parts 
of the truss. The strains are not transmitted through them as 
they pass from joint to joint. They simply transmit the load 
to a joint. In tiiis case each of the essential tie-braces receives 
a different strain, and hence we find the strain upon the ^th 
tie-brace directly (not upon a pair). The braces are numbered 
in their order as shown in Fig. 67. The strmn on the 7^-th tie- 
hrace is* 

(iT- n -f 4)i? «^ ^ (123) 

* In this case we get a simple moduitu of signs, for the signs wiU change 
with each sncceasiye piece. Galling tension + and compression — , and 
obeerying that the first brace is compressed and we have immediately — , the 
atraiii on the n-*^ tie-brace = (—1)* {If — n -\- ^) p see e. If the trass be 
inverted, we have — (— 1)" (iST ~ n + i) p MC ^ 

Mr. J. Bnrkltt Webb, class of 1871, University of Micfiigcm, was the first to 
suggest to me the manner of numbering showi^ in Fig. 67. Bj placing the 
figures in the angles as shown in the Fig., he makes them number the de- 
braces ; and also the bays ^the chords at the same time. 

JiJ!f= the total numbeor of tle-braoes ; f i!^ wiU be the number of bays ni 
the lower chord ; or if { = i the length of a bay, the total span will be 

Kr. Webb then gives the following equations :— 

"^+ 1 — a»T flwnir 

pseeBcasnir 
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5. Find the maximum strain on the ir^th tie^brace when the 
live load is so placed as to produce a maximum^ and the weight 
of the dead load is equal at all the joints of the upper and 
lower chords. 

Ans. 1(2 JT-n) {2 iT- n + l)j>+{2Jr-2n+l) 




2J!rw,'j^J.. : ..(124) 



4ir 





6. Find the strain on the x tie-brace in the preceding prob- 
lem. 

7. If the weights increase as the natural numbers from the .^^ ^ s. 
first joint, that is, if the load on the first joint is^ (this will not 
produce strains on the truss), on the second joint 2p ; on the 
third, 3j>] and so on, required the stress on tiie n-th tie-brace. ^ 

8. In the preceding problem, if successive weights are re- 
moved, beginning at 1, what will be the maximum strain on 
the TJrth brace ? 

89.— STRAINS oir THIS oHoiftBs. — Strain on the supported 
chK)rd. In Fig. 64, let the bay 2 — 3 be the n-th, conceive that 
this bay is severed, and instead of the strain, suppose that an 
equal stress, #n, is substituted therefor. Taking the origin of 
moments at d^ and the moment of F, will be F, (t^ — i) Z ; 
and of the (n — 1)^'*, the moment will be i (/j^ — 1)'^Z; hence 
if the weight of the truss is considered, we have 

An = TiT- 1) (i> + «>.) {n - i) - (^ - 1)' {p + «,.)"j 

for the straiiL on the tie-bifMses, and 

i ptaneisin 'i^Lni » 

4 ^ 2 

for the ohoxds. 

These give the strains on aU the parts of a Warr^i girder for equal loads ^ 47 v , 

throughont. When the npper joints are loaded use the npper signs ; when j^^ S^*^ 

the lower joints are loaded use the lower mgns ; and when both upper and ^ p } 

InwAr ininta ore loadfid nfiDB both nimci. that is. omit the ftnabiiniona tem^ ' k> '-* 
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lower joints are loaded use both signs, that is, omit the ambigaoiui term 

and dhange the denominator to 2." . « / ^ r^ 
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In a fiimilar way we find that 

The stradn on the Tirth hay of the upper chord ie 

^ = (i(r-n)n(i>+t^J-^. (12«) 

wr 

If n =ii«r,Eq. (126) gives i-^ 

90. — PeoBiiRW. — Find the atress on the nrth bay of the 
lower chord in Fig. 67. Also on the 7i-th bay of the npper 
chord. 

91. — BXAnPI*B8. 1. Suppose that a triangnlar tmssed bridge is 120 
feet long dear span, eaoh baj ten feet long, and the depth ten feet. Be- 
qnixed the stresBes due to a uniform dead load of sixty tons uniformly distri- 
buted oyer its whole length. 

Here X = 120 feet; Jf=12; 

{= 10 feet; J7 = 6 tons; 

2) = 10 feet; sec. d = 1.118; 

tang. 4 = i ; No. of tie-braces = 81 

From Eq. (102) we hare 

The stress on the 1st and 24th — 8d.54tan8. 

The stress on the 2d and 23d +27.95 

The stress on the 3d and 22d —27.95 

The stiess on the 4th and 21st. + 22.36 

The stress on the 5th and 20th. —22.36 

The stress on the 6th and 19th. + 16.77 

The stress on the 7th and 18th — 16.77 

The stress on the 8th and 17th + 11.18 

The stress on the 9th and 16th — 11.18 

The stress on the 10th and 15th. + 5.59 

The stress on the 11th and 14th. — 5.59 

The stress on the 12th and 13th. 0.00 

Strains on the Chords, — ^£q. (106) gives for the strain on the lower chord, 
1st bay, 15 tons; 2d, 40 tons ; 3d, 60 tons ; 4th, 75 tons ; 5th, 85 tons; 6th, 90 
tons. 

The stresses upon the bays of the npper chord are 27^ tons ; 50 tons ; 67^ 
tons ; 80 tons ; 87^ tons ; and if we conceive an exceedingly short bay at the 
middle, we have, by making n = 6 in the equation, 90 tons, the same as at the 
middle of the lower chord. 

If the truss in the preceding example is made of wood whose weight is 50 
lbs. per cubic foot, and the section of the parts proportional to the stresses, 
we may readily find that the weight of the truss will be about 7 tons ; but if 
the braces are proportioned as columns, the weight will exceed this amount. 
The roadway and certain iron fastenings^ etc., which are not included in the 
computation, would probably bring the weight up to 12 tons or more. 
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2. Let the length and depth of the trass be as in the preceding examid.6L 
Assome that the weight of the trass is 15 tons (net), and the live load 60 tons, 
which is concentrated at the joints of the npper chord in equal amoonta. 
Beqnired the Tnayimam strain upon the tie-braces as the load mores oil 
without shock. Use Eq. (Ill) for the strains on the tie-braces. 

Kaximum stress on the 

FiratDiflL SeoondDiiL 

Ist . . - 41.98 

6.76 
2d and 8d ... ±35.17 «/.^ 

6.29 
4th and 5th... ±28.88 0.47 

5.82 
6th and 7th... ± 28.06 0.47 

6.85 
8th and 9th... ±17.71 0.47 

4.88 
10th and 11th. . . ± 12.88 0.47 

4.41 
12th and 18th... ± 8.42 (middle pair) 0.47 

8.9 
14th and 15th. . . ± 4.48 (secondary maximum) 0.47 

8.47 
16th and 17th. . . ± 1.01 (secondaiy maximum) 0.47 

8.00 
18th aod 19th. . . ± 1.99 

Between the 17th and 18th the signs change, and the yalues after the 17th, 
which are found bj the formula, are the amounts which the Utc load 'relieves 
the stresses which are due to the dead load. 

8. Let X = 60 feet ; i = 5 feet ; i> = 10 feet; TFi = 80 ; TF, = 40 tana 
on the upper chord. Bequired the maximum strains as the live load moves 
off without shock. 

We have iT = 12 ; Nwi = 80 tons ; Wj = 2^ tons -^ p = ^ tons \ -secB =i 
1.08. 

4. What must be the relation between the live and dead loads, both uniform 
and on the upper chord, so that the maximum strain on the end braces shall be 
X times the maximum strain on the central pair ? N may be odd or even. 

5. What must be the relation between the live and dead loads, so that the 
point of zero she&riilg shall be ata;JV; orno = <cN. x vdll be a fractian. 
Discuss the result, and show the limiting values of & 
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99. — MUfiMUM AnouNT OF MATERiAi.. — It is practically 
impossible to make a direct explicit solution of the problem for 
determining the minimum amount of material for a bridge of 
given span and load. The simple reason is — ^the functions are 
too complex. For instance, consider a Warren girder m which 
the load is vJpon the wpperjoimts^ and N even. 
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Let the ties be of iron, and the braces and tie-braces be of 
wood. The section of the former will be 

in which T = the modnlns of tenacity, and 
¥-= the pulling strain. 
The section of the latter will be 

V c 

in which I = the length of the piece ; 

h = one side of the square section 

(7 = a constant depending upon the kind of 

material used ; and 
Q = the pushing force. 

The value of F, Eq. (Ill), or 
F^ \{N- fifp +{Jl!r -2 7iN) wA^^' ' ....(127) 

substituted in the value of k given above, and n made ^ 1, 2, 
3, etc., to i Nj will give a series of values which may be 
summed into a single expression. 

The successive values of Q may be found from the same 
equation by making n = 0, 1, 2, etc., to i JT — 1, which, substi- 
tuted in the value of V given above, gives another series which 
is not so easily summed. Near the middle of the truss we 
diould determine whether a tie-brace when proportioned as a 
brace will not also serve as a tie, and if so it should not be con- 
sidered in the preceding expression. It is thus seen, without 
any further considerations, that the problem is a very complex 
one. 

Having found the sections of the pieces, we proceed to find 
the total volume. Thus, let 

L = the length of the span ; 

I = the length of a bay ; 
D = the depth of the truss; and 

= the inclination of a tie-brace. 

Then I = — ^ ; and tang = %k ■ 
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The length of a tie-brace z= D see 0; and the transverse sec- 
tions as found above multiplied by D sec 0y and the results 
added will give the volume of the tie-braces. In a similar way 
the volume of the chords may be found, and the total volume 
is to be a minimum. But the problem is too complicated to 
make its solution of any practical ^alue in this connection. 

The problem becomes much simplified by supposing that the 
sections of tlie several pieces are directly proportional to the 
strains to which they are subjected. This case was solved by 
William Bouton, Class of 1865, Univ, of Mich. (See Jour. 
Frank. Inst.y Vol. LXXX., p. 80). As the hypothesis which he 
assumed is rarely realized in practice, I will not reproduce his 
solution, but will give in the following table some of the results 
of 'his analysis : — 

TABLE 

Owing the inclination of the tie-iraces and the relation he* 
tween the length a/nd d&pth of a Wa/rren girder for a mi/ni- 
wrhvmh a/mount of material when tlie sections a/re proportional 
to the stresses. 



4 

VALUES OF 







jsr 


P 


SPAN -»- DEPTH. 


6 

9 

12 

40 

60 




i 




ir 11' 

16** 14' 

14*" 37' 

8^ 8' 

7^28' 


4.17 

5.03 

6.25 

11.43 

13.11 



The problem which has usually been given under this head 
is — Tofnd the inclination of the braces and ties so as to give 
a min/imum a/mount of materialy the sections being proportional 
to the stresses to which they are subjected. 

In this case, using the same notation as before, we have 
K = the section of any brace or tie ; 
D sec =^ the length of a brace ; and 
L -r- D ta/ng = the number of tie-braces. 
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. ■ . — = rr- = the volmne of all the braces, which is to 

J? tang ' 

be a mimmum. From Eq. (118) we see that K varies as sec 0, 
and also with n, but in determiQiDg the inclination wo are nol 
concerned with the latter ; therefore the essentially variable 
part of the above expression becomes 

aetf0 _ 1 

tang cos sin 6 
-which is a miuimam for = 45°. 

Sat when the braces are proportioned as columns, this sola- 
tion becomes of no practical value. 
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93. — PBOPBK LENovH OF THE BATS, — The length of the 
bays is, within certain limits, an arbitraiy quantity. If too long 
they must be proportioned to resist a transverse strain as well 
as tension and compression. After the engineer has fixed upon 
the length of the bay and the depth of the truss, he may find that 
a single system of trussing will give too small an inclination to 
the tie-braces for economy ; in which case a double, triple, or 
multiple system may be used, as shown in the following cases. 

94. — CA8B T.— DOUHLB TBIANOVI.AB STSTBDI WITH THJB 
LOAD OH THS JOINTS OF THB SrPPOKTBD CHOBD. 



This is Bometimee called a half lattio^ 

93. — sTBBss ON THE TXE-BRACE8. — The proper mode of 
analyzing this truss is to consider it as composed of two simple 
triangular trusses. The truss Aah od ef, etc, is the same as 
Fig. 64, with the load on the supported chord, and the sys- 
tem Aarstuvwx^ etc., is easenti^y the same as Fig. 62, since 
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iu both caeeB the first load is ono-lialf a baj from the supported 
end. Ueiice, the strains in the former system are given by Eq. 
(120) and in the latter by Eq. (Ill)- The end brace J. a is com- 
mon to both systems, and the stress on it is i 5p sec 0. 

96. — 8TBB8S on THB cHOBDs. — The stress upon the several 
bays of the chorda may be found by treating ihe two trusses 
separately, as in the preceding article. Thus, to find the stress 
on id, ^et find it on bdoi the systeia Aahcde, etc., winch 
will be given by Eq. (125) ; secondly, find it on tv of the system 
Aaratuv, etc, which will be given by Eq. (106), and thirdly^ 
add the results for the stress on td-^ tiie part which is common 
to both hd and tv. 

97, — TowREis iiATTiCB IS a multiple triangular system, aa 
shown in Fig. 69. It was designed many years since, long be- 
fore iron was used in this country, for bridges. It is com- 
posed of planks of uniform thickness and width, placed at equal 
distances from each other, and having equal inclinations in 
opposite direetiona. The planka are secured to each other at 
their croewjgs by wooden pins — aometimes called tree-nails. 



Fia. 6». 

The chords are also formed of planks of the same aize as the 
lattice-work, and arranged so as to break joints. If the syatem 
is doubled, they are separated by one of the stringers of the 
chord, as rfiowu in the "cboss SECVion" in the figure. The 
constraction is evidently very simple, and may be made by an 
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ordinary carpenter. They may be made by the mile, and cut 
ofE by the yard to suit the occasion. Notwithstanding their sim- 
plicity they have proved themselves to be very efficient in sup- 
porting loads. A railroad bridge on this plan has been in use 
for many yeara over the Hudson River, at Troy, N. Y., and 
is now in good condition. Trusses on this plan have been made 
of flat strips of iron, which were riveted together at their cross- 
ings. Samples of such structures may be seen at Schenectady 
and Rome, N. T., on the New York Central Railroad. 

98. — ANALTSis OP ToiirNB»8 I.ATTIC1E. — Siuce the chords 

are of uniform size throughout, we have only to determine the 

proper size for them at the middle of the span. Suppose that 

the load is uniformly distributed over the whole length. 

Let W = the total uniform load including the weight of the 

bridge ; 
L = the span ; 

D = the depth of the truss; and 
JGr= the pull at the middle of the lower chord, or com 
pression at the middle of the upper chord, y 
Then J&JjjJL (Lo aW O^/fi^ V j^ 

SD 

If there are two chords this stress will be divided by two, 
and the quotient used for determining the size of the chords. 

To determine the strength of the lattice-work, let a vertical sec- 
tion, as m ^, Fig. 69, be made near the end of the truss, and let 
m = the total number of tie-braces cut by the vertical 
plane in all the trusses which carry the given load ; 
h = the section of each tie-brace ; 
C •=-T ^ the modulus of strength ; and 
= the inclination of the tie-braces. 
Then ^ 

m Th C08 will equal the vertical shearing stress. 

.\mTkco8 0=^i W 

t' 






, ,/U-<-^,^^!<rK^ *-lf— 
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Thii is an approzimate solution, bnt it is enfficientlj exact 
for a wooden trosa of this kind, in which the trnssing and 
chords are uniform throughout ; but in the case of an iron 
lattice, where it would result in a saving if the parts were 
properly proportioned, a more exact analjaie ia desirable, which 
may be made as in the following article. 

99. — AHALTSIS or THE raVLTIPLB TBIANGVLAB STS- 

TEin. — Let there be four systems of triangular trusses, as in 
Fig. 70. We here consider the effect on each system, as if the 
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o&ers did not exist, and then conceive that they are combined 
by being placed side by side so that their spans will coincide. 
Thns, beginning with p„ we see that p„ p„ p„ and jj„ are car- 
ried by one system. Similarly, ^„ p„ j\,, andj?,, are carried 
by another system, and so on. The stre^ on each diagonal due 
to each weight may easily be found by the methods already 
explained. The diagonals which incline to the right in the 
£gnre are numbered from 1 to 17 inclusive. 

Exua>LB.~Let the apan be 130 fast, depth of truM 16 feet, and 4 
^BtemB of rigfat-nngled triangles, as in Fig. 70. Let the permaneidi load dns 
to the weight of the bridge be Sj tons itt each apex, aod the moving load 5 
tons at each apex. 

Thenp, = p, = p, = etc,, = Sbme; 
w, = 2} toniB ; 

iV = IS = the nnmber of baTa in the aptoi ; and 
9 = 45°, 
.■.uee = 1.414 
Considerpt. The horiaontal distance between it and A iBOM b»y; and 
between it and £ is 15 baja ; hence, A carriea ^ p, and B }ip,; ot A oairiea 
^ of a ton and B f% ot », ton. The Btrain on the brace numbered 1 will be 
1 1 ■X 1.414 = 6.636 tons. Betaining only one decimal figoxe, and the regnlt, 
9.6, ia enteted in the toUowiug table. 
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The stress on the braces — 6, tf, 13, and 17 due to jpi is the same on 
etch, and is ftf x 1.414 = (A of that on brace 1) = 0.441 + . Betaining 
only one decimal as before, and the results are entered in the preceding' table. 

The stress on brace 2, dne to pq in \ipt x 1.414 = 6.186, which call 6.2 as 
in the table. Proceed in this way wlUi each of the weights, and enter the 
xesolts in the table. 

In this example, + is for tension, and — for compression. The marimnm 
tension is found by adding all the + values in each horizontal line, and the 
maximum compression by adding all the corresponding — values. These 
results are g^ven in the columns marked ** Max. — p '' and ^* Max. + p.*^ The 
values of the strains due to the weight of the bridge, v>i , are evidently one-half 
the strains which would result from loading every joint in the upper chord 
ynthp ; and hence may be found by taking one-half the algebraic sum of the 
+ p*s and — p's. The results are entered in the column marked + tOi. 

The strains in the columns + p and — p are those due to a live load ; those 
for — p being the strains due to a load moving off to the right, and those of 
+ p due to the same load moving off to the left Those in the column -|- tOi 
are the strains due to a permanent uniform load. 

The maximum strains due to both the live and dead loads are evidently the 
algebraic sum of the strains due to each acting separately. These results are 
entered in the two last columns, the minus values being the strains due to the 
live load moving off to the right when the weight of the bridge is considered, 
and the other the effect of moving to the left. 
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100. — AIKB1GUITT IN REGARD TO STRAINS IN CERTAIN 

CASES. — ^It has been shown, in article 71, that when the joints 
are equally loaded and symmetrically placed in reference to the 
centre, that all the tie-braces between the two most central pair 
of loads receive no strains. If this were generally true the 
strain due to the weighty, on the brace at the right of ^^, would 
be balanced by the strain on 9 due to the equal weight jp, ; in 
which case neither would receive any stress due to an uniform 
load throughout. But an examination of the figure shows that 
the stress on 9 due to j>^ does not pass through the system of 
which ^, is a member. If the truss were only half as deep, the 
two tie-braces mentioned would belong to the same system. 
An ambiguity here arises as to which way the strains will 
definitely pass ; whether they will pass wholly by their own 
system, or partly by one and partly by the other. If propor- 
tioned according to an exact analysis, that hypothesis should be 
assumed which will give the greatest stress on any particular 
piece. This case is analogous to that of a rigid beam or frame 
which is supported by four or more props, in which case it ifl 
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ImpoeBible to tell exactly how mnch is supported by each prop. 
If supported by three props, it is easy to teU the amount sus* 
tained by each. 
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101« — "WAJUKBiffl oiRDsiK KODiFiBD. — Betuming now 
to the more simple form of the triangular truss with equally 
inclined tie-braces, if we conceive that the load remains on the 
supported chord, as in Fig. 65, and that the upper joints are 
carried forward any amount, as for instance, until one-half the 
tie-braces are vertical, as in Fig. 71, it is evident from the way 
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that the change has been made, as well as from an examination 
of the distributed atrcdnsy that the only difference in the two 
cases is in the secant of the inclination of the pieces, and hence 
Eq. (120) is applicable to this form. 

If the joints are loaded in any manner, the more general case 
is shown by Fig. 72, in which t denotes tension and o compres- 
sion. 




Fig. 73. 



If now the right-hand half of the upper joints of Fig. 71 be 
moved to the left, so as to bring e indefinitely near d^ we shall 
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have the case shown m Fig. 73, which is shown in a still more 
general way in Fig. 74, in which the numbers are omitted and 
the character of the strains is indicated by the letters o and t 
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Fig. 74 

This is also a triangnlar tmss, and to which Eq. (120) is 
directly applicable. If every joint be loaded, as in Fig. 75, 
then the inclined pieces will be subjected to compression only ; 
bat if there be an eccentric load, or in other words more load 
on one side of the centre than on the other, and the inclined 
pieces are an:anged and secured so as to resist only compression 
(or tension), the truss may become distorted, as shown in Fig. 
76. 





Fig. 75. 



Pig. 76. 



This kind of distortion is prevented by the airangement of 
thejHmd system, which will now be explained. 
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TYPE FORM OF HOWE'S TRUSS. 

199. — If now we introduce braces in each of the diagonals 
which incline in the opposite direction to those in Fig. 73, to re- 
ceive ])j compression the strains of tension which, in Fig. 73, fall 
npon the inclined pieces, we shall have the form shown in 
Fig. 77. 
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Fig. 77. 

By this arrangement tierhraces are entirely eliminated, for it 
will be observed that all the inclined pieces are braceSy being 
iubjected to compressive strains only ; and the vertical ones to 
tension only. 

The TTPB FOBH of this style of truss is called the ko^wb 

TYPE FORM OF PRATT'S TRUSS. 

103. — In Fig. 72, if the joints of the left half of the upper 
chord be moved outward so as to make the end brace vertical, 
we shall have 'the form shown in Fig. 78, which is also a 




triangular truss, and to which Eq. (120) is directly applicable. 

If now we introduce diagonal rods to resist by tension the 
stress of compression, which, in Fig. 78, act upon the tie-braces, 
we shall have the form shown in Fig. 79, in which all Ae 
inclined pieces are tie^, and hence the vertical ones are struts ; ^ 
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and hence in this case we Jia/oe no tie-iraces. The ttpb fosbc 
of this truss is called a pratt tritss. 



PANEL SYSTEM. 

104. — The Howe and Pratt trusses come nnder the more 
general head of the panel system. The panel system consists 
of a system of trussing in which a part of the pieces are 
vertical or nearly so ; and of inclined pieces so arranged that 
neither are subjected to opposite strains. As the latter prin- 
ciple applies to cases in which the chords are not parallel, and 
in which the vertical members (so called) are somewhat iifc- 
clined, the still more general term of quadrangulab system is 
sometimes used. 

A panel is one of the rectangular (or quadrangular) spaces 
1 h 2y Fig. 79, included between two verticals and the chords. 

A diagonal is an inclined piece which crosses a panel 
obliquely. The diagonal in the " Howe Type " is a hrace / 
and in a " Pratt Type " it is a tie. 

The vet^ticals in the "Howe Type" are ties^ and in the 
" Pratt Type " they are struts or posts. 



lOS. — ^MAXIMUM STRB8S ON THB DIAGONALS. — PROPOSI- 
TION. — When the vbetioal members are exactlx vertical, thb 

STRESS ON THB DIAGONALS IS THE SAME WHETHER THE LOAD BH 
UPON THB UPPER OR LOWER CHORD, OR UPON BOTH. 

In Fig. 80, for instance, if a weight rests at 3, and J 3 is a tie, 
that portion of the weight which is sustained by the support at 
A will be transmitted through the tie h 3. But if 5 3 is a brace 
it cannot transmit this stress, but instead thereof it will be first 
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tranflmitted to <?, and thence to A through the brace e 2. The 
same reasoning applies if the load is placed at c. Hence, A 
will carjy the same amount whether the load beat 3 or o. 




Fig. 80. 



Or, more generally, we observe that the vertical forces 
between i 2 and o 3 are transmitted from one side of the panel 
to the other through the diagonals, and hence it makes no 
difference where the load is placed, provided the points of 
application are in the same vertical. • 

An examination of Fig. 80 shows that to produce a maximum 
stress on any diagonal, the truss must be loaded from that 
diagonal to the end towards which the diagonal acts. For 
example, if i 3, Fig. 80, is a brace, the maximum stress on it will 
be induced by a load from 2 to -4. ; but if (? 2 is a brace, the 
maximum stress will be induced by a load from 3 to ^. If <? 2 
were a tie, the maximum stress on it would be induced by a 
load extending from 2 to A. 

Let JiT = the number of bays in the chord ; 

n = the number of the brace or tie considered, counting 
from either end. This will also equal the number of 
bays in the supported chord between the end and the 
brace (or tie) which is being considered, including the 
bay which is in the same panel as the brace (or tie) ; 
it also represents the part which has no live load ; 

jp = one of the equal weights of the live load ; 

to^ = one of the equal weights of the dead load ; 
= the inclination of a brace (or tie) ; and 
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F, = the reaction of the support at the end from which fi 
is counted. 
Then, if it is so loaded with equal weights at the joints, as to 
produce a maximum strain upon the 7^-th brace (or tie) we have 

^ (iT- n) (iT- 71 + 1) . i /TIT 1\ 

Subtracting (n — 1) w^ from this, which is all the load between 
the end and the nrth diagonal, and we have 

S, = HiT- 71) (JT- 71 + 1)^ + (iT- 2 7* + 1) ^^'i ig^^ 

which, multiplied by the sec 6 gives for 

The maximum stress on the 7^-th irace (or tie) of the panel 
system Jbr equal weights of live and of dead hads^ the load 
being either on the upper or lower chord, or on hoth : — 

F -\ ^^- ^) (^- ^ +l)i?l?f^ /128^ 

••■^ L + {^ -^ n +1) Nw.p IT ^^^ 

which is the same as £q. (120). 

^ 106. — ^DiscirssioN OF b<|uation (las). 

1. Let iT = 2, and ti = 1, and Eq. (128) becomes 

i (jP + i/?,) see 0. 

This is the case of the king-post truss, and the preceding 
Equation is substantially the same as the second of Eqs. (68). 

2. Let ir= 3y the case of the queen-post or trapezoidal 
truss, and we have 

F^^Ls ^n){i^n)p + {i^2n) 8 wl—- 

in which, if 7i = 1, we have 

F, = (p + w,) sec 

which is substantially the same as Eq. (96). 
If 7* = 2, we have 

F^=:ipsecfi 
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in which w^ difiappears, as it should. This is the case in which 
a weight p is placed at one of the joints, and the other one is 
unloaded as in Fig. 51, and ip sec is the stress which would i 
fedl upon a diagonal OJPl Fig. 49. 

3. If ?i = 1, we have from (128) 

i^ =i[(ir-l)(p + wS\ seed. (129) 

And observing, that for a load uniformly distrib^uted over the 
whole length, each support would sustain i J!f{j> + w,), and it 
appears that the end braces carry less than one-half the total 
load. This is because one-half the load on each of the end bays, 
when the load is uniformly distributed, is carried directly by 
the abutments, and hence the strains due to this part of the 
load are not transmitted through the trussing. This shows a 
distinction between a load uniformly distributed and one com- 
posed of equal weights placed at the joints, and will be noticed 
hereafter. 

4. For equal weights throughout, the term 

i(ir- 2n'hl)w,8e€e (129 a) 

gives the strains on all the diagonals ; and if n = i (IT -h 1), 
{129-a) reduces to zero, which shows that for an odd number of 
bays and uniform load there will be no strain on the braces in 
the central panel. See Fig. 49. 

5. K the weight of the truss be neglected, w^ = 0, and 

gives the stress on the n-ih diagonal. This becomes zero for 
n = i\7Jorn=:jr+ 1; the later value of which being beyond 
the truss, does not belong to the practical part of the prob- 
lem. 

6. For n less than i (iT -f 1) both terms of Eq. (128) are 
positive, and hence when the live load extends over more than 
half the length of the truss, the dead and live loads conspire to 
produce strains. 

7. For n greater than i (JT -h 1), the first term (containing 
j>) remains positive, but the second term (containing w,) be- 
comes negative ; arid hence, when the shorter segment only is 
loaded the live and dead loadB act against each other in produc- 
ing strains. 
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8. If we place Eq. (128) equal to zero, and solve for n, we find 



n = ^iiT + iT + i ±y(^+ 3_)ir. 4- i.(130) 

which gives the brace on which there is no strain. To make 
the nature of this equation clear, suppose that a live and dead 
load, consisting of equal weights, is placed at every joint of the 
upper or lower chord, in which case the stress on tiie first brace 
is a maximum for that load. Then remove the weight at one 
end which represents the live load, and we shall have the maxi- 
mum stress on the second brace. Kemove the second weight of 
-the live load, and we have the maximum stress on the third bnu^e, 
and so on ; the stress on each successive brace being a maximum 
although less than that on the preceding until, after pass- 
ing the middle, we find a brace which has no stress, or which 
has a negative stress. The exact point at which the stress 
changes signs is given by Eq. (130). In other words, if we 
conceive a live load moving off from a bridge, the braces just 
under the rear end of the load will receive their maximum 
stress for that load, and the braces under action will incline 
towairds the rear end of the load ; but there will be a point at 
which there will be no stress ; and beyond that point no braces 
which incline towards the load are necessary. This is illustrated 
by Fig. 81. The peculiarity shown in the chords will be 
noticed hereafter. The strains due to the live load after it 
passes No (see next page) will simply relieve the remaining braces 
of a portion of the strain which is due to the permanent load. 




Fig. 81. 



There are two values of n in Eq. (130), one of which exceeds 
\ {N + 1) and is less than J^ and the other value exceeds If^ 
and hence does not belong to the practical part of the prob* 
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lem. That ralae has only a theoretical Bignification. Call the 
fonner yalne n^ We also find, by assuming values for ^that 
the yalue of n^ is generally fractional ; but as /i is the number 
of a brace, and as there are no fractional braces, we retain only 
the integral part of n^. If n^ is an integer, it shows that there 
18 no stress on the 7i-th brace (it is neutral), and hence practically 
we only need n^ — 1. 

Let n^ = that value of n in £q. (130), which is < ^ and 
>i(ir+ 1); and 

JT^ =z the integral part of n^ ; or if n» is im integer = 
np — 1; then 

ITo = the number of braces (or ties) which should in- 
cline one way counting from the end ; and 

IT — JVo = the number of panels in which only one 
brace (tie) is needed, as in Fig. 81. 

lOT. — A. ooirirrBB-iBaACE is one which inclines in the 
opposite direction from a main brace. The main braces incline 
Jrom the end. The counter-braces incline from the middle. 
An examination of Fig. 81 shows that the counter-braces 
beyond the middle (counting from either end) incline the same 
way as the main braces between the end and middle ; and the 
analysis in the preceding article shows that the formula which 
is applicable to main braces is also applicable to counter-braces. 
According to this mode of reasoning, a counter-brace possesses 
no peculiarity which is not common to a main-brace, and'hence 
the term eowater-hrace^ in an analytical sense, is unnecessary 
but in practice its use is common. Still using the term, we 
have, analytically, 

^ — i (iT -[- 1) = the number of panels, each side of the 
centre, which require counter-diagonals, and hence on both sides 
of the centre including the central one we have 

2 J^ — jr= the number of panels in each truss in which 

diagonals should incline both ways ; and 
2 (-ST — N^ == the number of panels which require main 

diagonals only; and 
iT— N^ = th^ number of panels near each end whidi 
do not require counter-diagonals. 
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108. — VALUBS OF N^. 

Table. — Values of No^ or the rvwmher of hraces {or ties) which 
shotted indinefrom either end in the Pand System. 



Jf 


lCi:=0. 


p = 10 toi 


p = 6 101 


p sS toi 


l> = tCl 


p = 1-5 wi 


p = 


3 


2 


2 


2 


2 


2 


2 


1 


4 


3 


8 


8 


2 


2 


2 


2 


6 


4 


4 


8 


8 


8 


8 


2 


6 


5 


6 


4 


4 


8 


8 


8 


7 


6 


6 


4 


4 


4 


4 


8 


8 


7 


6 


6 


5 


5 


4 


4 


9 


8 


7 


« 


6 


6 


5 


4 


10 


9 


8 




6 


6 




5 


-12 


11 


9 


8 


8 


7 


6 


6 


16 


14 


11 


11 


9 


9 


8 ' 


7 


20 


19 


15 


14 


18 


12 


10 


10 


80 


29 


23 


21 


19 


18 


16 


15 


40 


39 


31 


28 


25 


23 


21 


20 


50 


49 


38 


85 


32 


20 


26 


26 














1 



^wmiher of panels near each end which need no cownter- 

diagonals. 



n 


tt>i = 0. 


p s 10 toi 


p ^ 6 101 


P =3 8 101 


P = Wl 


p = 1-6 101 


j» = 


3 




1 


1 


1 


1 


1 


2 


4 




1 


1 


2 


2 


2 


2 


5 




1 


2 


2 


2 


2 


3 


6 




1 


2 


2 


8 


2 


8 


7 




2 


3 


3 


8 


8 


4 


8 




2 


8 


3 


3 


4 


4 


9 




2 


8 


8 


4 


4 


5 


10 




2 


4 


4 


4 


4 


5 


12 


1 


8 


4 


4 


5 


6 


6 


15 




4 


4 


6 


6 


8 


8 


20 




5 


6 


7 


8 


10 


10 


80 




7 


9 


11 


12 


14 


15 


40 




9 


12 


15 


17 


19 


20 


50 




12 


16 


18 


21 


24 


25 



109. — BXAHEPIiBS. — 1. In a trass of the Panel System, let the clear 
span be 120 feet, and the depth from centre to centre of chords be 10 feet ; and 
the length of each bay be 10 feet ; total weight of the trass 60 tons ; lire load 60 
tons when it extends oyer the whole length of the trass. Beqoired the nuud- 
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mum BfcreflB on the dia^nals as the live load moTes off without ahodk, (We 
aasome in this that the live load la eqniyalent to eqnal weights placed at the 

We havep = «, = (fj = 5) tons = 10,000 lbs. 

Jf = 12 ; ««J fl = ««J 45» = v2 = 1.4148. 
These Talues in Eq. (128) and n made equal to 1, 2, 3, etc., giro : — 

First Dili. Second Diff. 

Stress on 1st brace = 165,562 lbs. 

27,106 
Stress on 2d brace = 128,456 lbs. 1,178 

26 928 
Stress on 8d brace = 102,628 lbs. ' 1,178 

24,750 
Stress on 4th brace = 77,778 lbs. 1,178 

23,572 
Stress on 5th brace = 64,206 lbs. 1,178 

22,304 
Stress on 6th brace = 81,812 lbs. 1,178 



Stress on 7th brace = 10,606 lbs. 
Stress on 8th brace = (negative) 



21,216 



Hence no is between 7 and 8, and JVo = 7 in this example ; and hence only one 
counter-brace is required according to this series ; and only two in the whole 
truss. 

2. The following are the actual dimension of a bridge truss. Length = 100 
feet, -y = 8 .-. < = 12^ feet 2> = 19 feet. .-.««?» = 1.2. Weight of bridge 
Wi = 60 tons; uniform live load W9 = 100 tons (net). .*. p = 12i tons, 
and 101 7i tons. 

There were two trusses, but by computing as if there were but one, we find 
for the maximum stress as follows : — 

On the Ist diagonal, 84 tons ; 2d, 61) tons ; 8d, 41f tons ; 4th, 231- tons ; 
6th, 6f tons ; and on the 6th it is negative ; hence three panels need no 
counter-diagonalB. 

3. The following are the dimensions of a Whipple bridge (see Fig. 89) on 
the Albany and Rutland Railroad near Troy, N. Y. 

Total length 147 feet ; clear span, X = 145 feet ; iV = 14 . '. 2 = 10^ feet ; 
2> = 21i feet ; see d =1,1. Total weight of the bridge 61i tons, . -. iDi = 44 
tons. Assume that the live load is one ton per running foot ; and hence p = 
10^ tons. Required the maximum strains on the ties. (The truss is also 17 
feet wide from out to out ; suspension ties 81 feet. There were two trusses.) 

4 If in a panel truss K = 12, and it is found that for a live and dead load, 
the maximum stress on the 3d diagonal is 21. Q tons ; and on the 4th it is 16.8 
tons ; «tf0 d = 1.2 ; required the values of p and Wi, and the total weight of 
the truss. Ans, TTi = 24 tons. 

5. If ^ = 10 and p = 12 tons, and it is found that the stArain on the 7th 
brace is zero when the live load is on the three end joints ; required k^i or the 
weight of the bridge. 

6. I have used for illustration a model bridge of 12 panels which weighed 
x8 lbs., and I found that the maximum stress on the fourth brace for 
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equal weights on 8 end joints was 21 lbs. \ see 6 = l,i, Beqolred the value 
of one of the equal weights, p, 

7. Suppose that a panel truss is so loaded with equal weights as to produce 
maximum strains on the following diagonals : — on the second diagonal, 5,448 
lbs. ; on the fourth, 4,208 lbs. ; and on the tenth, 680 lbs. It see e =zl.Q, 
required the number of panels in the truss ; the weight of the bridge, and 
the weight of the live load. 

8. Two trusses each weigh 10 tons, TFa = 20 tons on each ; one has 10 
panels, the other 20 panels ; the total length and see the same in both. 
Required the stress on the fifth brace of the former and tenth of the latter ; 
and show why they are not the same. 

110. — GENKRAL TALUB OF THB SECOND DIFFBRENCBS. 

— ^Li Ec[. (128) make ti = 1, and we have 

[(J^l^-£ + Kir -«».].«<. 

For n = 2, we have 
For « = 3, we have 

2lf P+H^- 5) W, I 860 

The difference between the second and first of these valaes is 



[2ir-2 ^ 1 a 
—Y^^P + W.J sec e 



Between the second and third, it is 



-g-y.— i? + W.J 860 6 



These are the first two terms of the first differences. The 
difference between these is 

^860 6 

If 

which is the constant value of the second differences. 
In the first example above, this becomes 

S X 2,000 X 1.4:142 „ .,«oiiu 
2_ ibB., = l,178i lbs.' 
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Th© first term of the first difference, as given above, is » 

r(l - ^) i> + ^.1 ^^ ^ "I'll ^ ^^'^^^ -^ 10,OOol X 

1.4142 = 27,106 lbs. The successive terms in the column of 
first differences may be found by the successive subtractions of 
the second differences = 1,178 lbs. (omitting the i lb.). 

The stress on the first brace is i (iT — 1) Cp + w^) secB ^ 
J X 11 X 10 X 20,000 X 1.4142 - 155,562, and by subtract- 
ing, successively, the successive first differences, the actual strains 
may be found. 

111. — STRESS ON ANT DIAGONAL. ReQUIBED THS STBBSS 

ON THE a?-TH DIAGONAL WHEN THE TBUSS IS SO LOADED WTTH IJVB 
AND DEAD LOADS AS TO FBODUOE A MAXIMUM ON THE 71-TH 
DIAGONAL. 

Let N = the total number of bays in the supported chord ; 

p = one of the equal weights of the live load ; 

w^ = one of the equal weights of the dead load ; 

= the inclination of a diagonal ; 

n = the number of a diagonal which receives the maxi- 
mum stress ; and 

X = the number of the diagonal which is considered. 
There are two cases : — 

1st, for a? < 71, and 
2d, for oj > 71. 

1st, For « < 71 we find the stress, by deducting from the 
value of Fj, which is given just before Eq. (128), all the load 
between the end and the aj-th brace, which is (05—1) w^ and mul- 
tiplying the remainder by sec 0. 

.-. F^ = \{N- n){N^n^ \)p + (iT- 2 a? + 1) Nw\ 

o- (1^1) 

2d, For a? > /I we use the same principle, but the load to be 
deducted will be (a? — 1) «?j + (aj — ti) j? ; hence we have 

J^= \{{N-^rt){N-n^ 1) - 2 ir(aj - 7i))i> + (i^- 



2x + lyJTw, 



] 
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2JV 



(132) 



These equations may be discussed in the same way as Eq. 
(128), but they are not of much practical value, since the parts 
should always be proportioned to resist the maosimum stress. 

Example.— If a bridge haa 10 bays, and the permanent load on each joint 
is tOi = i ton, and the transient load p = 1 ton, required the Btrees on all the 
braces when the third reoeiyes the mazimnm stress. 

lis, — iTNiFORifiLT JDisTRiBUTKD liOAD. — A load Uni- 
formly distributed over a portion of the span, as in Fig. 82, is 
not the same as if equal weights were placed upon the truss 
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Fig. 83. 



from c to B, We are considering the joints as perfectly 
flexible ; hence the joint c carries one-half of the load on o d^ 
but only a fractional part of that oua c\ and the other part on 
a oi& carried by a. If the load extends from a to JB, then the 
load on c is one-half that on a c and c d, and that on a is one- 
half that on a o. Hence, it appears that it is impossible to 
produce equal weights at the joints for a uniform load, except 
when the load extends over the whole length of the truss. Let 
us therefore ascertain how far the load must extend to produce 
a maximum stress on the n-th diagonal, which, in Fig. 82, is the 
diagonal a e. 

Let iT, n, and^, be the same as before ; 
w = the load per foot of length ; 
X := b c .\ w X = the load onb c; and 
I = ao. 

.*. the joint a sustains directly ^ ~^, and e sustains 
directly !££(^. 
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It is evident that the maximum stress on ae is th^ difference 
of the stresses on ae and^b due to the imif orm load. The stress 
on fo — or that which tends to produce a stress onfo — ^is that due 
to the BtresB on a, and that on ae that due to the load on o, and 
also on all the joints between c and B ; but as the latter is con- 
stant, we have occasion now to consider only the load wx on ac, 

^_ , , - T> . n — 1 , wa? ,-.,,, 

Of the load on a, B sustains j^ x t -7-, and of the load 

iV'— n (l-ix) 

on (?j A sustains — -^^ x wx — % — -* 

Hence, the stress on ae due to both is the difference of these 
multiplied by aeo 0. or 

which is to be a maximum. 

.\2{n-l)x-2{N'-n)(l-x) = 

and the whole length of the load is hB = x + {N" — n) 2 = 

riff ^ ^l 
{JV—ny 



The fraction 



JVl 



.^_^ is constant, and its value is equal to the 

span divided into one less number of divisions than there are 
bays in the chord. Hence, to produce a maximum stress for an 
xmiform load, conceive that the span is divided into one less 
number of spaces than there are bays, and that for the succes- 
sive braces the maximum stress is produced when the uniform 
load extends from the division under the brace to the end 
towards which it inclines. The maximum thus produced, 
including the dead and live loads, is 

(iT- n) (i\r- 72,- 1) , - , iT - ^ 
'^YW "^^ +iwlx — ^^ 



K= < 



+4(^-2 71 + 1) to 



sec 
' (133) 
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which is less than that produced by equal weights pla< 

joints ; and hence the formulas previously developed are on the 

safe side. 

113. — 8TRSS8 ON THE VERTICALS* — According to prin- 
ciple c, article 71, if the load is on the supported chord the 
stress on the n-th vertical is the same as the vertical component 
of stress on the T^th diagonal. The same may be seen by 
examining Fig. 80. It must be observed, however, that unne- 
cessary members are not included in the count In the case of 
the Howe tyjpe^ the outline of the tniss is trapezoidal in form, 
as in Fig. 77, although practically it is usually made rectan- 
gular, somewhat like Fig. 79. In the Pratt type^ the truss 
is usually rectangular, as in Fig. 79, but if it is supported at the 
upper chord, it may be trapezoidal, like Fig. 77, inverted. 
In either or any of these cases, principle e of article 71 is appli- 
cable. Hence if the load is upon the supported chord we have 
only to make sec d = Im Eq. (128) for the maximum stress 
on the rirth vertical. Hence 

The fjiaximum stress on the n-^ vertioal of the pwnd systrnn 
for eqv^ weights placed on the supported chord is 

{{J^-n) {N- n •\-\)p + (iT- 2/1 + l)irt«^ 1 A^ . . .(134) 

in which n must not exceed i N, 

If the load be upon the upper chord. Fig. 80, the maximum 
stress on the verticals may be found by subtracting p + w^ 
from the preceding expression. Or we may observe that the 
stress on the nih. vertical is the same as the vertical component 
of the stress on the {n + 1)*^ diagonal brace. 

Hence in the '^ Howe type^^ with equal weights on the 
unstipported chord, the maodmum stress on the {n — 1)'^ ver^ 
tical is given hy JEqtcation (134), by substituting the proper 
value for n. Thus, for the 6th vertical make n = 6. 

If the load be upon the upper chord, in Fig. 79, the stress on 
the 7i-th vertical is the same as the vertical component of the 
stress on the {n — 1)^^ diagonal tie. Hence, in this case Eq. 
(134) gives the stress on the {n + 1)*^ vertical. 
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KoTB 1. — ThiB reaaoning appeals dizeot, mmple, and ocNxect, bat it is not 
difficnlt to raise donbta as to its accmacy in the minds of some.* Tbns, in 
Fig. 80, if the joints from 2 to ^ are loaded, the stress on Aa, at, Id, and 52;, 
has be^i found to be Fi m6 9 ; and the yalne of Fi is the sum of all the com- 
ponents of the seyeral weights which are sostained at A, For instance, ip^ 
is supported at A, Bat the whole otp, is transmitted through 2b to b. Should 

we not therefore add to the Talue found by £q. (184) ipior generally — ^ P? I 

fi 
say that it would be incorrect to add — =^p. The formula is correct without 

It, for it may be shown that the formula recognises the fact that all of ps is 
transmitted through b2. I obserre, 1st, that if pt were the only load, then it 
would be necessary to add } pa #00 to ^e reaction Vi see 0; ox U>i p, aeeO] 
bat in this case 63 would be strained as well as 51. The eoefflcient due to p^ on 
63 is 2. I observe. 2d, that pt produces a stress on c2 of 2 ; and hence the result- 
ant stress on 63 and c8 is zero ; and so far as these two weights ate concerned 
they might be xemoiYed. The resultant stress on the vertical isfp + ||7= {p 
=|7, which is the valae of pt when p ^ p^ = p^. So that the formida leads 
to the correct result. The addition of the weights p» and pt does not affect 
the stress just found ; but these additions add to the stress on 52 and c2. 

We state then, generally, that the vertical component of the main brace 
gives the stress on one or the other of the adjacent verticals for any distribution 
of the load eseeept when the eounter-braee in the next pand i$ stramed; in iMeh 
ease the vertical companerU cf the stress on the eomiter-brcbce must be added to the 
former. 

It is evident that both the mMn and eownUr in the same panel cannot be 
strained at the same time by the action of a load. 

The reasoning here given may be made more evident by using Fig. 49. If 
we there add ^ to the result given by the formula for the stress on EC^ we 
shall have |p, for the p at (7, +ip, for the p at i> (which together niake j9, which 
is the amount carried at ^), +ip at (7 for the amount carried at B\ TnitTriTig 
|p to be carried by EG. But it is evident that EC and ED both carry cmly 
2p and hence each carries p. This shows the absurdity of adding the fractionid 
part of p which is carried by the opposite support when the counter diagonal 
is not strained. 

Note 2. — The student may think that in practical cases confusion may 
arise in distinguishing between the Pratt and Howe types, and the position of 
the loading whether it be upon the supported or unsupported chords. But 
computations in such cases are made deliberately, and suitable checks are put 
upon the work ; and if there be any doubt in regard to the proper formula, it 
is better to consider the effect of each weight separately upon each piece of 
the truss, and tabulate the results, as on page 110. In the case of bridges 
— especially rail-road bridges — the load is rarely composed of eqaal weights 
at the joints ; for the locomotive is often two or three times as heavy as the 
same length of any jKnrtion of the remainder of the train, in which case the 

formulas previously given are not applicable. They may be used by applying 

Jill - I « ■ ■ ■ 1 1 ... II... . 1 1 1 I . 1. 1 I 

* See Trautwlna^ Bng, FockU-Book^ p. 375, iiudading foot-note. Alao Am, M, S, 2lm^ 
i^IMill7. 1860. 
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tjhem to all that portion of the load which is xmiform, and then adding the 
effect of the extra load 01^ loads which are appUed at the joint or joints. 

Note 3. — As a check upon the work the problem may be solved geometri- 
cally and the results determined by a scale. There are several ways of doing 
this. One is by tiie method used in Fig 60. Another is by the method of 
diagrams as developed by Bankine and Clerk Maxwell, and which is illnstrated 
in Figs. 40 and 41. The latter method when well understood is easily applied 
and gives satisfactory results. Geometrical methods are exeeedingly valuable 
for securing general results, and checking analytical work. They are mort 
reliable for general recnlts than analytical methods, for large errors are Jess 
likely to happen ; but they are not as predse, for they da not give the nearest 
fraction as certainly as numerical computations do. 

1 14. — 8TRBSS UPON TKB CHORDS. — The ipaximum stress 
upon all parts of the chords, for equal weights at the pintSj 
exists when all the joints are loaded. Eemeipbering that fov 
statical equilibrium the algebraic sum of th^ moments of aH 
the external forces will be zero, and we readily find the reac^ 
tion F, of the support. Fig. 80, by taking |he moments of all 
the weights and the reaction, about the point g. To find; the 
internal stress, we may conceive that one of tjie chords is severed ; 
as, for instance, tlie bay 3 — 4, Fig. 80, and suppose that an exter- 
nal force is substituted for the stress. Then take the origin of 
moments at the point about which the system would turn if the 
stress-force were removed.* Thus, if the bay 3 — 4 bp severed^ 
the system will evidently tend to turn about c. It will generally 
tend to turn about that joint which is nearer the centre, for a 
uniform load. In this case if dZ were in action, instead df (Ay 
it would tend to turn about d. 

Let tn = the stress on the n-^ bay of the lower chord (as^ 
3-4, Frg. 80) ; 
c^ = the stress on the Ti-th bay of the upper chord (ad 

od)\ 
D = the depth of the truss ; 
and the other notation as previously used. 

For stress on tke lower^ ehordy we have the following equa- 
tion of moments : 

F, n I — 2>i{n — 1) Z — jp, (n ~ 2) Z — etc., to n terms. . . 
= tnP (135) 

** It is not pecessaiy to take the origin of moments at this point, but by bo 
doing the solution is simplified, because it eliminates some of the momente . 
whldi might otherwise appear. 
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and if J?, = ^, = ^, = etc., we have 

F, = 4(ir-l)^,aiid * 
i (iT- 1) TiZj? - 4 n (n - 1)^? = tj), 
and if ^ the weight of the truss be included, as it should be^ 
we finally have, by reduction, after substituting {p + w^ for^, 

^. = (iir - n) n (i> + «.) ^ (136) 

in which n must not exceed \ Nior JTevenf or \ {N + 1) for 
N odd. (If, however, the two central bays 2-3 and 3-4 be 
considered as one, the formula will give the stress on the bays 
from n = 1 to n = {N — 1.) 

Stress on the upper chord. — ^If we call ab (Fig. 80) the first 
bay of the upper chord, ho the second, and so on, and calling ho 
the fir-th, and taking the origin of ^moments at 2, we find the 
same result as in the preceding equation. 

It is well to observe that instead of dealing with the series 
given above for the weights p^^ jp„ etc., we may find the total 
value of their moment by multiplying their sum by the distance 
of their centre of action from the origin of moments. 

An analysis of the Pratt System, Fig. 79, gives exactly 
the same formula, if in the lower chord we neglect -4 1 in 
the count for the number of the bay. Thus, 1-2 would be 
<salled the first bay. 

It makes no difference in any of these cases whether the load 
be upon the upper or lower chord. 

Hence, in the panel system for a uniform load throughout, 
the stress on the chords varies as the product of the segments 
into which the span is divided by the joint about which the 
frame would turn if the bay were isevered. Fig. 81 is an illus- 
tration of this law. 

If n = i i\r we have for the stress at the middle of the span 

i^ (137) 

WS. — ExAMFlBa— 1. Let p =r «i = 6 tons (net), JV = 12, <> = 45® .•, 
) = jD. , BeqniTQcl the stress on each bay of the lower chord, Howe l^rpe. 

"Bxom Eq. (186) we readily find :— 

, e, = 66 tons; U = 1(K); «, = 136 • «* = 160; f* = 175; «. = 180 
F!£9tdiff. 45 85 05 15 5 

8e< ond dill 10 10 10 ' 10 
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2. Beqnired the depth jo that the Btress at the middle ahall equal (me-half 
t^ total load. Uiie Equation (187). 

8. Required the depth so that the stress at the middle shall equal — - of 

the total load. 

4. If i =r i>, andjp =: Wi ; and for a nniform load the stress on the second 
hay is 82 tons ; and on the fourth bay it is 48 tons. Required the number pt 
bays imd the value of the uniform load. 

5. For uniform live and dead loads, the stress on the first bay is 22f tons ; 
om the second, 42 tons ; on the fourth, 72 tons ; on the sixth, 90 tons ; on the 
eig^hth, 96 tons. Required the total number of bays, the weight of the live and 
dead loads, the depth of the truss, and the length of one hay. 

Ati« . 2f=lQ^p=z2 tons, tOj = 1 ton, and I = i). 

116. — I<OAD CONCBNTRATED AT OIVB JTOINT. — ^If ft load 

jP is concentrated at one joint ; as, for instance, at the end of 
the n-th bay, and the weight of the truss be also considered }r 
we have, if we count n from the end at which F, is nsed : 

F. = i(ir-1)«,. +:^^P 
and the shearing stress on the x-iii diagonal is 

and hence iSie stress on the a>-th diagonal, for x <:n 

F^ = \\ (^- 2 a + 1) «7, +^^^Pj «^^.(138) 

and f or a; > n it is 

F^ =T* {N- 2 a + 1) «7, - J.P I secB • . ..(139) 

These Equations may be discussed in the same way as Equa- 
tion (128), but there is not much advantage in doing so, 
since we rarely have to deal with the effect of a single weight. 
Bridges, in practical cases, are loaded at several points at the 
same time, and it is always on the safe side to assume that they 
are loaded throughout. Still there are cases, especially in long 
spans, in which we may err unnecessarily on the safe side by 
assuming a load equal, for instance, to a train of locomotives. 
It may be advisable to consider a train as a nniform load equal 
to that of a train of loaded freight cars,' and then add the excess 
ol the weight of the locomotive over that of the freight cars. 
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This being fhe case, we shonld have a uniform dead load, a 
partial nniform live load, and a concentrated load, in whidi 
case the maxininm stress on the n-ih diagonal would be 



[ 



(iT - as) (iir - aj + 1) ^ + (if - 2 n + 1) iir «>, 

+ 2(ir-n) Pl^if (1*0) 

But it may be better in such cases as that just considered to 
solve the problem numerically, for each position of the load, 
instead of relying upon a formula and using the foimnla as a 
check upon the work. 

KXAMPliBS,— 1. A bridge 86 feet long; eadi bay 3 feet; depth 4 feet, 
weigbt 1800 lbs. A weight of 200 lbs. \a placed on the 9th Yertical tie. 
Bfeqnired the strain on each of the bcapes. 

Hefe N= 12; sec = 125; Wi = 150 lbs.; P=200; 

7» = 0, which sabstitnted in Eq. (138) ghres :— Stndn on 1st bzaoe, 
1093f lbs. ; 2d, 006i lbs; 3d, 718f !b& ; 4th, 531i »». ; 5th, 343f lbs. ; 6th, 
156^ lbs. ; 7th, —31^ Ibsw ; hence it is +31^ lbs. on the biace inclined tha 
other way' from the preceding. As there Are six main braces, it appears that 
for this case no ooanter-braoes are neoessaiy. 8th, — 218f S>s. ; 9th» —406^. 
For the main braces beyond the 9th, use Eq. (139), or we may use Eq. (1^) hy 
counting from the other end, in whidi case n = 3, and a; = 1, 2, 3. In eithez 
case we find strain on 10th, 843f !b& ; 11th, 1031i lbs. ; 12th, 1218f lbs. It 
will be seen that this series has the common difference 187^,- and the d^erenoe 
of the stresses on braces eqni-distant from the ends is 125 S>Sw 

2,If iV= 10 ;n = 8;P=8wi; where is the vertical force aerof 

Ans. Uo = 7.1. 

8. If iT = 10; P = 8 10], where mnst P be applied so thal^ the yertieal 
force at that pHnt shall be zero ? Ans. n = 7|. 

4. If i\r = 8, required the g^reatest concentrated load which is aUowable 
when there are no connter-braoes. Here n = 5; -Y = 8. . *. P = 1^ Wi. 

Suppose there is one counter-brace ; then n = 6, and we find P = 6 tOi. 

In a similar way we may proceed when there are two or more concentrated 
loads. We would find that for two concentrated loads each equal P, placed 
equi-distant from the ^ids, that the strain on the braces between the loads 
would be due to the weight of the bridge only. 

117. — STRBS8 ON XHB CHORDS FOR AN UNB^17AI«I«T DIS- 

TRIB17TED LOAD. — When the load is unequally distributed the 
maximum stress UMiy not be at the middle of the span, but the 
actual stress on any bay may be found by mean& of Etjuatiaa 
(135). 
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118.— Hn7i.TiPi.B STSTBK. — ^If In the fiimple sjBtem, for 
a given depth of trass and inclination of diagonals the bajs 
iKTould be too long, ihey may be reduced in length by causing 
the diagonals to cross one or two verticals, as in Figs. 89 and 92. 
Such cases may be analyzed, approximately, as in article 97, or 
more exactly by supposing that the truss is divided into two or 
more simple trusses, as in article 99. 
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MUmOJM AMOUNT OF MATBRIAL. 

It is hardly possible, by a direct solution, to find all the con- 
ditions for a minimum amount of material in a truss which is 
composed of many parts, and all of whose parts are correctly 
proportioned to resist the stresses to which they are subjected. 
The reason of this will appear hereafter. We may, however, 
solve some of the more simple cases, and from them derive 
some important hints. 

119. — PJaOBIiBlBE. GIVEN THE BPAW AND DEPTH OF 'A 

PANEL TRUSS, TT IS EBQUIBED TO FIND THE INCLINATION . OF THE 
DIAGONALS SO AS TO SECURE A MINIMUM AMOUNT OF MATERIAL 
IN THE DIAGONALS, THE VERTICALS AND CHORDS BEING OF UNI- 
FORM SIZE THROUGHOUT, AND THE LOAD BEING UNIFORM 
THROUGHOUT THE WHOLE LENGTH. 

In the Pratt Truss the diagonals are ties, and hence their 
sections should be directly proportional to the stress to which 
they are subjected ; but in the Howe Truss, the diagonals being 
braces, their section, if they are long compared with their 
diameter, will be a function of their length as well as of the 
stress: see article 21. This fact complicates the problem. 
I^r the sake of dmpUdity in this problem^ we will therefore 
assume that th^ section of the diagonals is directly jproportioTUil 
to the stress. 

Eef erring, therefore, to Fig. 77 or Fig. 79, we 

let L = AB = the span ; 

D = the depth of the truss ; 
. iT = the number of bays ; 

I =^ L -^ N -=. the lengdi of a bay; 
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W[ =' the weight of the frame ; 

t^, = TT, -> J!r=- the weight at one joint of the dead 

load; 
TFi = the weight of the live load; 

;p = TT, -5- i\r= the weight on one bay of the live 
load; 

F= W,+ Tr,=? the total load; 

= a 1 i = the inclination of the diagonal to the 

vertical ; 
k = the transverse section of a diagonal ; and, 
y = the modulus of strain, that is, the strain per unit 

of transverse section ; 

Hen J? + w,:= {1 + ry^i 

tcmg Jf tariff 
The length of a brace ^D%eo0^ -5-^-4 

The stress on the «rth brace is, see Eq. (129a). 

\ (iT- 2n + l)(p + w,)8ec0- TJk 

A * = (iT-- 2 n + l)i^^'^2± (141) 

Making ?i = 1, 2, 3, etc., to J iT (observing that f or n = | 
{^ + 1) the expression becomes zero, and we have 

• _ (^ + w ^ sec 

%K-1. ^-^ 

Summing this series gives 

xir= ^iP+p'^e ^ (143) - 

which, multiplied by the length of a brace, gives for the 
volume^ of half the dioffonals m, ail the tricsseSj 

-^(y+J>)-g L_ (143) 
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which is a minimum for = 45^. Hence the minimum 
amomit of material in the diagonals for both tmssefl is 

ir(j> + 1£^,) L _ tf; -f- f; ^ ^xw^ r144^ 

2"~7* 2"^* ~ "T ' ' '^ ^ 

which, compared with Eq. (l) article 3S, shows that the material 
in the diagonals is the same as that in the rafters of a king-post 
trass having the same span and same inclination. Observe that 
P Eq. (t) above referred to equals i TT in Eq. (144), and T = CI 

NoTB. — This result may at first appear to be inoorrect, sinoe the xaften of 
the king^-pofit are of uniform size, while in the pcmel system the dia^nalt 
dJTnJTiiwh in size from the ends toward the centre, fiat it shonld be obserred 
that in the king-post both rafters carry only one-half the total uniform load ;. 
while the end diagonals of the i>anel system carry nearly the total uniform ; 
or exactly {2f — 1) {p -\- tOi), One-half the load in both oases on the end bays 
is carried directly by the supports ; but in the king-post this distance is on»- 
half the span, while in the latter it may be only a small fraction of the span. 

We may now carry the solution further. If the verticals are 
of uniform size, they must be of the size as the first one. 
Hence, in Eq. (141) make sec. 6 z= 1 and n = 1 and we find 
for the section of each of the verticals 

Hence, their volume = i{JV- 1)* 2> ■^ + *^' = i (JIT - 1)* 

L (p + w.) 
iT T 

* 

which expression diminishes as ilT diminishes ; hence the deeper 
the truss the less the amount of material will be required for 
the diagonals aiid verticals. The king-post with rafters in- 
clined at an angle of 45° requires least. 

The section of the chords will be, see Eq. (137) 

from which we see that JBT varies directly as Jf] and hence is 
least when JT is least, or equal to 2. In this case the upper 
chord disappears. Hence, considering all the parts of the 
truss, the king-post with rafters inclined 45 degrees requires leas 
material than the panel system. 
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KoTB. — It does not follow from this that the king-post should in all cases be 
sobstitnted for the panel system ; for in most cases it would be qnite imprao- 
tioable to do so, on acconnt of the g^reat depth which would resolt. For . 
instance, id a 100-foot span the depth would be 50 feet t 

130.— ASBOOND PROBLBIH OF mUfTOKVW BIATERIAI<.— 

KEZT BUFPOBB THAT THE DIAGONALS AND YEfiTIGALd ABE BOTH 
FBOPOBTIONED FOB THE BTBAINS DUE TO A UNIFOBM LOAD, AS- 
SUMING, AS BEFORE, THAT THE 8E0TI0NS OF THE FIEOES ABR 
FBOFOBnONAL TO THE BTBE88ES. 

The BtresB on a vertical is (Eq. (141)), 

hence its volume is i (iT -- 2 n + 1) ^ i^. ^ > 

Making n = 1, 2, 3, etc, to i JT, and summing the series, 
and we find that the volume of all the verticals is 

ir(p 4- w,} L 1 
8 T 'tang 

which added to Eq. (143) gives for the total volume of all the 
diagonals and verticals 

N-jp 4- w,) L / 1 _J_\ , 

8 T \9m cos e^ tcmg 0) ^ ^ 

which is a minimum for = 54° 45', 

Note. — In practioe the diagonals in wooden trasses are generally inoilinfld 
leas than 45 degrees from the verfcicaL 

131. — GBNBRAI* PROBIiBlH OF MINIMUIII MATBttIAI<. — 

Let there be a febmaitent dead load and a moving live 
LOAD ; rr is bequibed to find the oonditionb foe a MmnniM 

AMOUNT OF MATERIAL IN THE DIAGONALS, VEBTIOALS, AND CHORDS, 
THE TRANSVERSE SECTION OF ALL THESE PARTS BEINa PROPOR- 
TIONED DIRECTLY AS THE STRESSES TO WHIOH THEY ARE SUB- 
JEOTED.* 

Volume of the diagonals. 

We find the section of the ?irth diagonal by means of Eq. 
(128) to be 

* This 8(dntion was given by William Bonton, class of 1865, Unh, o^ 
Bee Jour. Frcmk, TmU^ Vol. L., 8d series, p. 76. 
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s; =[{J!r- n) {jar- n + 1)^ + (ir- a « + i)jvv>1 |^. 

which, multiplied by the length (X -5- -ZT) 4- sin gives for 
the Yolume of the T^th diagonal 



2jr*T8in0co8 



(146) 
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The number of diagonals which incline either way is i\^ 
Bee article 106 ; hence to find the volume of one-half the diago- 
nals, make ti. = 1, 2, 3, etc., to ^ in Eq. (146), and take the sum 
of the results. Two series will thus be formed, one the coef- 
ficients of jp; the other of w?,. The sum of the series may, 
readily be found by the method of differences. The sum will 
be 

o . -f ■ n'in'^1)^ n'(7i'-l)(7i'-2)^ , „,^ 
^ = n' a 4- 2 ' ' "*" ~^ 23 ^ "*■ etc.. .(147) 

in which S = the sum ; 

a = the first term of the series ; 

d^j d^ etc., = the first term of the successive orders of 

differences ; and 
fkl = the number of terms in the series = N^ 

First consider the coefficient of p. 

Making ?i = 1, 2, etc., in Eq. (146), and we have, 

the series, N {N - 1), (iT- 1) {N - 2), (iT- 2) (iT- 3), 
(iT - 3) (iT- 4), etc. 

1st Dif. -2ir -h 2 -2ir + 4 -2ir + 6 

2d Dif. +2 +2 +2 

3d Dif. 

Hence, n' = iT^, a = -ZT (iT- 1), (?, = 2 (- N + 1) and 
I?, = 2. 

.-. ^ = [iTo N{ir- ir,) +0^0 (iTi* - 1)]. 

Second, lihe coefficient of w^. 
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This becomes negative when wb pass the centre, and each 
negative term will cancel jb «qaal positive one ; hence we need^ 
Bum only JT — JUT^ termg. 
TheBeiiaisir(ir-l), IT {N ^.Z\ JfT (iT- 6), iTCiT- 7) 

IstDif. -2ir -2ir -2ir 

2d Dif . 

Adding these results and multiplying by the common factor 
the volume oj'halfthe hraoee = 

WWrrlmdl^ ^^^^ 

Volume of the Vertioala. 
The stress is, {{IT - «) (iiT -« + 1) j> + (^- 2 » +1) 



^^^^ 



The length is, i> = ^^^g 

.*. VoVume of w^th vertical = J (ilT — n) (ilT— n + l)j> + 

(ir-2n+l)ir^.] ^^/^^^^ .. .(149) 

Summing the series as before from n = 1 to ?i =i (iT — 1) 
(for N odd)j and we have for the volume of half the vertioala. 

^ N'T tang e ^^^^^ 

If i\r is even, we sum the series from n = lton=iil^ and 
deduct one-half the volume of the middle vertical, the value of 
which may be found from Eq. (149). This done and we find 
for half tlie volume of the verticals when Nis even 
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[iil^(p + «0 + A-fl^C^(i>^- 3) - lQ]i>] 2^/^g (181) 

FbZz^ww ^^ Chords. 

The stress on &e«4h l^^jr of the upper or lower chords is 
^{J^" n)n(j> + w^) tang 0. (IWI^ 

The limits of n are from n = l tonrn^iTfor the lower 
chord, and from n = 1 to n = i (JT — 2) for the upper chord 
when JV is even/ and when iTis odd the limits for both chorda 
are n = 1 to n = i (iV — 1) by omitting half the central bay in 
the lower chord and including it in the upper, as we may do 
since the stress is the same in both. In either case, the sum of 
the series found by making n = 1, 2, 3, etc., in (152) multi- 
plied hj I = -j^ and otherwise reduced is 

^J!r{J!t'^l){^+w,)^^tanff0 (153) 

Hence, the total volume of half the truss is the sum of (148), 
(150) or (151), as i\r is odd or even, and (153), or 

1 



jr«orJVodd)^jy(jy«-i)(p+wi)+i^(2r-i)(i((jv-i)«-i)pi_i_ 

"^l (for Jir even) H^{.P + Wi) + 1-24 Jf [Jf C^" - 8)- 10] j» \tang$ 

+ 1-6 Jjr« (Jf - 1) (p-t wi) temg 9 

which is to be a minimum. 



2N^T 



(IM) 



M 



[iry* (JT- iiro (p + wi)+k J^. (J^^* - 1)p] ifand^ • - 1) 

J (tor JTodd) iC Jf (J\r' - 1) (p + wi) -f 1-6 (Jir - 1) (>^ (JV - 1)» - 1) j» 1 
"• 1 (for Jf eren) X -y* (P + Wi) + 1-84 JV [Jf (JV- 8) - 10]p f 

+ 1-8 J^ (il^- 1) (p -fwi) tang ■ « 



=0....(156) 



from which tang may be directly found. 

Example. — ^Let p = Wi and JV = 10. Then, aooording to the table in 
article 108, N. = 6. These yalnes in Eq. (155) give tcms/^d = 0.27916 .*. $ = 
27-50'. 

We shall also have I = 0.628 i> and £ = 10 ( = 5^ D .*• X -h 1> =s 
6.28. In this way the following table is foxmed* 
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TABLE 

Shotomg the mdmation of the diagonals *aiid the ratio of the 
length to the depth in the Panel System for a Minimum 
Amount of Material^ the load hemg on the lower chord. 



Yaluxs or 


«0i 
p=0. 


P = Ml 


p = 3ioi 


P 


N, 


« 


X 


9 


D 


9 


X 


$ 


X 
D 


8. 
4. 

6. 
6. 

7. 

8. 

9. 
10. 
12. 
16. 
90. 
80. 
40. 
60. 


89® 18' 
87® 04' 
84® 11' 
S2®a6' 
80® 48' 
2tf®28' 
28® 06' 
27® 10' 
26® 16' 
28® 06' 
20® 80' 
17® 07' 
16® 16' 
18® 88' 


2,448 

8,020 
8,895 
8,884 
4,168 
4,620 
4,806 
6,180 
6,664 
6.890 
7.480 
9,240 
10,920 
12,060 


89® 86' 
87® 08' 
84® 60' 
82® 42' 
81® 28' 
80® 04' 
28® 61' 
27® 50' 
26® 24' 
28® 61' 
21® 12' 
17® 88' 
16® 89' 
14® 26' 


2,481 
8,020 
8,480 
8,852 
4,284 
4,682 
4,969 
6,280 
6,700 
6,680 
7,760 
9,640 
11,200 
12,460 


89® 42' 

87® 01' 
86® 09' 
88® 18' 
81® 40' 
80® 12' 
29® W 
28® 06' 
26® 17' 
24® 08' 
21® 80' 
18® 08' 
16® 61' 
14® 26' 


2,400 

8,016 
8,605 
8,980 
4,819 
4,666 
6,092 
6,840 
6,928 
6,720 
7,880 
9,780 
11,660 
12,860 


89® 64' 
87® 21' 
85® 88' 
38® 49' 
82® 18' 
81® 06' 
29® 69' 
98® 54' 
27® 07' 
24® 69' 
22® 18' 
18® 60' 
16® 86' 
14® 25' 


2,608 

8,062 

8,685 

4,020 

4,410 

4,824 

6,198 

6,620 

6,144 

6,800 

8,900 

10,280 

11,990 

12,960 
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ryi/ng a given weighty when the distance between thei/r lower 
^nds is constant^ and the distamxie from the v&tex to the lower 
chord is given. 

In the transmission of strains we have seen that the veiiical 

component of stress is constant between 
two loaded joints. Let abc be one of 
the triangles of a truss, oJ the bay, be 
the tie, and ac the post, and no load 
ate. 
Let I = ah = the length of a bay ; 
l^=z ac = the length of the post ; 
1)=: cd = the depth of the truss; 
P = the vertical stress at h which 
is to be transmitted to a, and so on, to the support ; 
X = ad; y = dby and 

S =the weight of a unit of volume of the tie. 
The post ac is supposed to be so long that it is in danger of 
bending. Suppose tJiat the ends are rounded and that it is 




Fig. 83. 
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made of solid cast iron. Then, according to article 25, its weight 
will be 

0.023926469 {P' i/-"/*^ = c (P' i/---) ^'^ 

in which P' is the pressure in the direction of the length of the 

->/ J/ -f- of 
post, and equals P sec. acd = P j^ and c is- the constant 

coefficient The length of the post will be I, = ^1/ + a* /. ?/••• 

8JL8 

= {jy + af) Hence, the weight will be 

4 D— ) 

The stress on o& will be P sec. deb ; its section, jr= ~ — ; 

its volume = -^ x D sec. dob ; and its weight = 

SPD8ec.'dcb _ BP{B^ + f) _ 8 P (jy + (Z ~ a?)*) ^ 

the total weight of both pieces will be 

.(^i^LJ^I^+i^^ftffl (150) 

which is to be a minimum. It may be put under the form 
^:Z^ ' (14-^n^^* +(-^-25a7ij7£?y + l..(167) 

in which tarig = -^. 

DifiFereutiating Eq. (156) and placing it equal to zero, and it 
gives 

This cannot be solved in finite terms. We may, however, foi 
known values of the constants find the value of oj to any degree 
of appi'oximation. We may also deduce from it some general 
facts. 



14^ TBEATIBB ON BfiilDGtt^ 






or 



|.|j^:±L_(l4.^fl5n/^ ton^^ + 2 Si)tony«= 28^(158) 

It appears from this : — 

1st, That the inclination of the post for minimum material (and 
hence of the tie), is dependent upon the stress to be transmitted, 
the depth of the truss, the modulus of tenacity of the tie, the 
length of the bay, and the weight of a unit of the material, 
unless the weight per unit of the post and tie are the same. If 
they are the same, S may be cancelled. As the formula now 
stands, S in the first term is included in the coefficient c. 

2d, No svm^le- relation exists between the inclination and 
the other known quantities for minimum material. 

8d, We know in practice that the weight of the post is much 
greater than that of the tie ; hence we find, approosimatdy^ the 
proper inclination by neglecting all but the first term. This 
done and we have tcmg tf = 0, and tari^ ^ = — 1, or tark^ = 

+ '^— 1. The latter value being imaginary is inadmissible. 
The former value shows that \h.% posts should be a vertical If 

the posts are vertical, the other terms give tang ^ = -^ as they 

should. 
4th, Suppose tliat tang is very small. Then the term (1 +. 

tang* 0) ""^ will somewhat exceed unity. Suppose as a second 
approximation that it is unity ^ and we have 

tan^e- —jj- — j-j 

= oo nearly, 

229 TJM« 

nnce 2 S 2> will be Bmall compared with the other term of the 
denominator, and may be lu^lected. Hence, approximately^ the 
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tangent of the inclination of the post for minimum material 
varies directly as the length of the bay, and nearly as the sqnare 
root of the vertical stress, and inversely nearly as the depth, 
since the exponent of D is nearly unity. 

5th, When I and D are constant, it appears that the inclina- 
tion of the posts increases as P increases, and hence for mini- 
mum material should be more inclined at the ends of a truss 
than at the middle. 

£XAMI*LE.— Let 2) = 18 feet 9 incheB, { = 12 feet 6 incheB, P = 62,000 
lbs., J = 3 lbs. per inch of section and one foot in length, T = 10,000 lbs. and 
e = 0. 028926469. Beqniied the inclination of the post for a miniTnnm amount 
of material. 

• * . Eq. (157) becomes 

0.028928469 x 10,000 x 18.75***,, , , M\ ,. ^ ... 

8 X 62,000^"^ 

We have log. 0.028926469 = s.8788786 

log. 10,000 = 4.0000000 

Hi log. 18.75 = 1.1494786 

log. 8 ar. CO. = 9.5228787 

« log. 62,000 ar. co. = 7.7567524 

log. 6.42668 = 0.8079882 

Hence, the expression becomes 



6.42668 (1 + tang* e)^ii + (J ~ tang 0)* + 1 

If ta^g = 0.00, the expression becomes 8.09829 
tang = 0.03, the expression becomes 7.90246 
tang ' = 0.04, the expression becomes 7.83185 
tang B = 0.05, the expression becomes 7.54871 
tattg = 0.06, the expression becomes 7.77841 
tang 9 = 0.08, the expression becomes 7.82091 ; 

from which it is eyident that the minimum is for tang 6 = 0.05 nearly ; or for 
= 2<> 62' nearly. 



SPECIAL TEUSSES OF THE PANEL SYSTEM. 

133. — i<ONG's Tisiuss* — One panel of the Long's Truss is 
shown in Fig. 84. This is one of the earlier wooden bridge 

trusses of this country.* The upper and lower chords were 

^~- ^— — ^-^^i^— > ■ ■ 

♦ See J<mr. Frank. Inst, Vol V., 8d Series, p. 281, for a diagram, and 
claims of the patentee. See also Am, Jour, of Arts and JSdenee, ToL 
XXXVni., p. 202. 
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composed of Btnall Btringere AAA which were spliced, when a 
single piece could not be obtained which would reach the whole 




Pig. 84. 

length of the bridge. The vertical posts (which served as ties) 
were double. The manner of securing them to the chords 
is sufficiently evident from the figure. The keys FFFwere to 
force the posts against the main brace G. The main braces 
were also double, and so placed as to leave a small space be- 
tween them, through which part of the connter-brace D 
might pass. The manner of securing the main braces is 
also sufficiently evident from the figure. The lower end of the 
counter-brace 2?, rests upon a block /, which is secured to one 
of the posts jff, by pins or in any other convenient manner. A 
rest is thus formed for part of the main brace, and the remain- 
ing part bears, by means of a shoulder, directly against the post 
£. The upper end has a shoulder for bearing against the post, 
and the whole is brought into bearing by a wedge (or key) J?, 
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wldch is driven between the upper end of the eonnter-brace and 
the upper chord. These trusses may have served a good purpose* 
in their day, but they are no longer in demand, since the exten- 
sive use of iron makes other forms more desirable. This truss 
is of the " Howe Type," and the scientific principles connected 
with it will be sufficiently discussed in the following articles. 




Fig. 85. 



134 HOWE'S TRUSS. — The general form of Howe^s 
Truss is shown in Fig. 85.* The diagonals are wooden braces, 
and verticals are iron ties. We have taken this as one of the 
"type forms." As usually con- 
structed the main braces are 
double, as shovm in Fig. 86 j and 
of uniform size throughout the 
span, and the counter-braces are 
of the same size, and placed be- 
tween the main braces, and the 
chords are also of uniform size 
throughout the span. One of 
the marked features of this truss 
is the use of blocks which are 
placed between the ends of the 
braces and tl^e chords. The 
vertical tie rods pass directly 

through the blocks and chords, being secured at one end by a 
nut, and at the other by a head, or at both ends by nuts on the 
rods. Such are the general features of the truss, which will 
now be considered more in detail. 




Fio. 86. 



* Jmir, Frank. Inst, Vol* HI, 8d series, p. 280; alsa Am. Jour, of Arti 
and Soimee, VoL XVIH., p. 123. 
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1S5*— KAiN BBACBs. — ^The main braoes being all of the 
same size, their dimensions will be determined so as to resist the 
vertical stress at the ends. Hence if 

k = the section of all the braces at one end for all the 

trasses, and 
C = the modalus for crashing, 

and we assume that these braces will not bend, we have directly 
from Eq. (129), 

secO = i W seed nearly (159) 

The expression ^ W secO i&on the safe side. But as we no 
longer consider the parts as redaced to rigid right lines, and the 
joints perfectly flexible, as was done in the preceding articles, 
^e mast consider what effect finite pieces and rigid joints will 
have upon the formulas. 

It appears that rigidity cannot cause any greater stress upon 
the end braces than that due directly to the full loading, and if 
it has any effect it will diminish the stress. It seems evident 
that the effect of rigidity in the chords will be to diminish the 
stress on all the other diagonals and verticals, for if the chords 
were suflSciently rigid they might carry the whole load. As it is, 
they may carry a part of it. The transverse sections of the chords, 
diagonals and verticals are so small compared with the length 
and depth of the truss, that they can have no perceptible 
effect upon the formula. Equation (128) is therefore on the safe 
side. The longitudinal stress upon the chords is not increased 
in amount by the rigidity, but the tendency is to produce a 
little more stress on the fibres on the upper side of the upper 
chord and lower side of the lower chord than the average 
stress ; and hence a somewhat less stress on the fibres on the 
opposite side of the chords. In short they will resist some- 
what like beams. There will be a slight transverse shearing 
stress, depending chiefly upon the amount of deflection of the 
truss. On the whole, the formulas for the stress upon the 
chords are considered safe. 

There would be a saving of timber if the braces were pro- 
portioned according to the stresses, but as timber is comparar 
lively inexpensive, and as it would cost extra in time and labor 
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y^ make the braces of different sizes, it is deemed inexpedient to 
do so. Indeed, in all wooden structures the tendency is to be 
kmsh with timber rather than saving, especially when there is 
any question about the strength. 

196. — ooi7NTBii-BBAOB8. — The stress on the counter- 
braces is greatest at the middle of the span, and is found by 
making n = -^ {JT + 1) in Eq. (128). Hence, the greatest 

stress on the counter-braces is — ^ j ? secO :=^ i Np nearly. 

This is the case when the number of bays is odd^ in which case 
both the braces in the middle panel may be considered as main 
bmces. If the number of bays is even, make n := ^ ilT + 1 in 

Eq. (128), and it reduces to I J(jr- 1) i> - kwAsecO^ 



[♦(JT- l)i>- \^\ 



which is less than \ If p. Using J J!f p as the limit which it 
cannot exceed, and comparing it with Eq. (159), and we have 

maximum stress on counter-brace ^ Np _^ 

maximum stress on main brace ~" J (iT— 1) (p + w^ "* 



P 



nearly (160) 



4 (^ + w?,) 

The value of this fraction is always less than one-fourth ; hence 
Ae counter^braoea need not be one-fourth as large as the main 
braces. In practice they are made more than twice as large as 
is necessaiy, since the counter is usually the same size as the 
m^in, and there are half as many of them. In Eq. (160) if 
fTj = i J9, the fraction becomes -J^ ; if w>, = -J ^, it bec(Hnes -J- 
(and this might be considered ^practical value) ; if «?» = p^ it 
becomes \. It -has also been shown that counter-braces are not 
needed in all the panels, and that the effect due to the stiffness 
of the chords makes a still less number necessary. It would be 
an improvement in strength if counter-braces were placed in 
only a few of the central panels, see article 125^ and that in all 
the others they were entered as main braces. Placing counter^ 
braces in every panel, including the end ones (as is usually done 
in practice), seems to be without any good reason. 

It is said by some that counter-braces may be used to increase 
die stiffness of the structure. In regard to this we observe firet, 
that if both main and oovmieT are strained at the same time^ it it 
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not due to the loading, but to some pecnliarity in theconstmctioa^ 
or to some artificial process. For instance, if a kej is (* 
between the ends of a main brace and the block at the f< 
it, it will tend to elongate the diagonal of the rectangle ii 
direction, and to shorten the diagonal in the direction c 
counter-brace, and may thus induce strains on both at the 
time. The same result would be secured by making 
braces a little too long and forcing them into place ; c 
keying the counter instead of the 7nain, The direct effect 

137. — KBTiifG THB cocJNTBift-BRAOE is to retain p^ 
nent strains upon both braces. If a uniform load is pi 
upon a truss, the immediate tendency will be to reliev< 
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the oaimtersj as in Fig. 87. If now all the counters are 
by driving a wedge between the ends of the braces and 
so as to fill the space which had been left vacant, and th 
load be removed, the truss will immediately seek to regal 
original fonn, and in doing so will bring compression upoj 
counter-braces, while compression still remains upon thej 
braces. If the counter-braces and keys were perfectly, 
compressible, the same compi'ession would exist in the ^ 
braces when the load is removed as when it is on. If thin 
the case, the only effect of putting the same load on as thi 
which it was keyed would be to relieve the strain wpon 
counter-braces, and there would be no increase in the deflei 
But the counter-braces being compressible, they will yield i 
what under the reaction of the main braces, and a porti4 
the deflection which was caused by the load will be regi 
As the greatest slope due to the deflection will be near the* 
where counter-braces are not needed, it appears that but lltwo 
is gained in stiffness in this way, and if counter-braces are put 
m the end panels for the purpose of producing stiffness, they 
will fail, of their object, unless they are so thoroughly keyed ai 
to produce constant and heavy strains upon the other parts. 
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I find 
4y* - 4 <^y* + (a* + J' - 4 c^ y* + 2 ac» y = JV - c' 
which is a complete equation of the fourth degree, and itg 
Wlution is impracticable. Practically the faces of the blocks 
be wider than the depth of the brace, and perpendicular to 
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the diagonal with the panel, in which case the brace may be 
parallel to or coincident with the diagonal. 

In the cheaper Btructnres the blocks are made of wood, but in 
more important ones they are made of cast iron. 

The depth to which the block should be let into the chords 
depends upon the horizontal component of the push of the 
brace, and hence should be greater near the ends. No theoretic 
cal rule can be given for this case, but it is found in practice 
that a small depth, from one-fourth of an inch to an inch in 
depth, is sufficient. 

To prevent the block from crushing the chord, an iron block, 
or hollow cone, or other suitable piece, is placed between the 
block which is on one side of the chord, and the washer which 
is on the other side, so that the vertical stress is transmitted 
directly to the vertical tie without pressing upon the chord- 
When the chords are made of several parallel pieces, this iron 
piece nuiy pass between said pieces. 

130* — ^THB TEBTioAii TIB-RODS being made of iron, it 
will generally be more economical to proportion them according 
to the strains than to make them of uniform size. When they 
are long, it will be best to have a washer and nut at each end, 
instead of having a solid head at one end. The thickness of the 
nut should at least equal the diameter of the rod. It is a good 
plan to so enlarge the ends of the rods, that the diameter shall 
equal the body of the rod,^^ twice the depth of the threads. 

131* — T0B OBORD8. — ^Thc chords being made of imiform 
size throughout their length, their dimensions must be deter- 

W L 

mined from the stress at the middle, which is \ — rf- Of 

course there is an excess of timber in the chords in all but the mid- 
dle panels, but there is generally no economy in reducing them. 

For long spans they are built up of short pieces so placed as 
to break joints, or bjj splicing the joints, as shown in Fig. 26 a, 
or in some other suitable manner. 

133.- nft^TT»s TRUSS.— In the design of Pratt's Truss, 
the chords were made of wood and of uniform size throughout, 
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the verticals were also made of wood, and all of the same size 
and the diagonals were iron rods, as shown in Fig. 88.* 




rio. 88. 

The analysis of this truss is the same as for Howe's Truss. The 
chords should be of the same size as for Howe's ; the vertical 
posts may be smaller than the braces in Howe's ; but the iroa 
rods must be larger than the iron rods in Howe's. This may be 
the principal reason why, in wooden structures, the Howe Truss 
is so much more popular than Pratt's. The latter, however, is 
a good form, and in iron structures is much to be preferred to 
Howe's, as will be seen hereafter. We have used this as 
another '' Type Form." 

The details of the Howe Truss — such as the u6e of blocka 

to 

depth of notches, etc. — are sufBciently suggestive to guide the 
engineer in the construction of Pratt's. 





(r>vu 



Fig. aft. 



133* — WBippiiB'8 TB1788 is composed entirely of iron, in 
which the verticals are posts (or struts) and the diagonals are 
ties, as shown in Fig. 89, hence it is of the Pratt Type. This 

* Yose's ^' Handbook of BaU-Boad OoBstructioxL*' 
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IB one of the earliest iron bridges of this country. Here we see 
for the first time the omission of counter diagonals. It is 
quite probable that in practice, in a bridge of the nmnber of I 
panels here shown, that one or more counter ties each side of the 
centre would be necessary, or at least advisable ; but I have 
omitted them on purpose to make the application of the prin- 
ciple more striking. It has been frequently observed in the 
preceding pages that long pieces subjected to compression ai*e 
liable to bend, and that in such cases their strength is not 
directly as their section, hut varies as some power of their 
lengthy while the strength of ties varies directly as their section. 
For this reason it appears evident that for economy the verti- 
cals should hej>ostSy and the diagonals tiea^ in iron structures of 
this kind. 

Mr. Whipple's trusses were double, that is, each long diagonal 
crossed two panels. Mr Whipple so made the posts of his 
trusses that the tie-rods could pass through the middle of them, 
and at the same time he trussed the posts by iron rods in such 
a manner as to prevent flexure. The upper chord is usually 
made of hollow cast-iron tubes, the length of which equals the 
length of a bay. The lower chord he made of links of wrought 
iron, as shown in Fig. 90, which passed over cast-iron blocks. 
There was a cast-iron block at the foot of each post. 

Since Mr. Whipple designed his truss there have been many 



Fig. 90. 

others constructed upon the same general plan, but which differ 
from his in the details. For instance, see Jones' Truss,* 
Murphy-Whipples',t Linville's Truss.$ Sometimes these 
trusses have a vertical end post instead of an inclined brace, as 
in Fig. 89. There is a design of such a truss by J. H. lin- 
ville, in the Jour, frank. Inst.j Vol. Iviii., 3d series, p. 9 (1869).' 

* Scientific Americcm^ VoL ix., 8d series, p. 193. 

f Col. Merrill^s work on Iron Truss Baii-Boad Bridges. 

X JouT. Frtmk, Inst, Vol. Ivii, 3d series, p. 89 (1869). 
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The lower chords of some of these trusses are composed of 
a succession of links which lap past each other, and which are 
fconnected by a pin passing through an eye 
near their ends. The end of one such is 
shown in Fig. 91. / 

The pins which pass through the ends of *■ 




the links resist shearing on both sides of Piq. 91. 

the link; hence it would seem that the 
cross-section of the pins should equal one-half the cross-sec- 
tion of the links ; the heads of the links being enlarged so 
as to equal the section of the body of the link. But experi- 
ments show that the strength of the eye depends directly upon 
the bearing surfaces. Experiments were made upon the links 
of Mr. Vignol's suspension bridge over the Dnieper, at KiefF, to 
determine the proper proportion for the eyes of the links and 
connecting pins, the results of which were given in a paper by 
Sir Charles Fox to the Eoyal Society, of which the following is 
an extract.* 

" The links were twelve feet long from centre to centre of pin- 
holes, and ten and a quarter inches by one inch throughout the 
part between the eyes. The heads were one inch tliick and 
sixteen and one-half inches in diameter. At first these were 
pierced with holes four and one-half inches in diameter for the 
reception of the pins, thus giving the latter 15.9 square inches — 
or more than 1^ times the smallest sectional area of the links, 
yet experiment showed that the heads would fail before the 
links. The heads were torn across and the metal bulged out in 
the direction of the strain. The head was then increased in size, 
but the result was substantially the same. The pin-holes in one 
of the original links having a head of sixteen and one-half 
inches in diameter were then enlarged, so as to give a semi-cylin- 
drical bearing surface of 9.4 square inches, instead of 7 square 
inches as in the former case, and the strength was increased 
from one hundred and eighty to two hundred and forty tons, 
notwithstanding the diminution of the metal in the head. 
Subsequent experiments showed that the diameter of the pins 
might have been still more increased with advantage; the 

* Jour, Frank. Inst., YoL yliii., M series, p. 107. 
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Fig. 92. 



best proportiom appearing to be thoBe which 
give a bearing BurfiBce about equal to the leaal 
Bectional area of the links. Sir Charles Fox 
considerB that it is best to make the bearing 
surface slightly in excess of the proportion 
just mentioned, and he thus gets, for the pins 
of suspension chains, the simple rule ^ that 
the diameter should equal two-thirds the 
width of the body of the links." 

This rule gives for the kole an excess of 
strength for large j^iiw, and a lack of strength 
for small ones. In the former case the 
pins may be made hollow; and in the latter, 
strength of the pins must be computed, and 
leave an excess of bearing surface. 

In determining the proportions of the 
head or eye through which the pin passes, 
it must be remembered that the strain is 
not uniformly distributed, the strain on the 
inner part being more severe than upon the 
outer, similar to the strain upon a cylinder 
subjected to internal pressure. (See Resisir- 
ance of Materials^ p. 26.) From the ex- 
periments made above. Sir Charles Fox esti- 
mates that the sum of the width of the two 
sides of the eye should be about ten per 
cent greater than the width of the body of 
the link, both being of the same thickness 
throughout. But when circumstances will 
permit, it is better to increase the thickness 
of the eye. " A rule for the size of eyes 
which has been much used, and which gives 
equally good results, is to make the outside 
diameter of the eye equal to twice the dia- 
meter of the pin, and then to increase the 
thickness until the requisite sectional area is 
obtained. 

To compute the strains on these trusses, 
we conceive that they are divided into two 
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(or more if necessary) simple trasses and compute for each 
separately, and then combine the two results. This will be 
illustrated by the following example. 

134* — ANAIiYSIS OF THE DOITBIiSi PANBIj STSTBM AS 

SHOWN IN FIG. 92. — ^As the end members are vertical it may 
be called the Linville Truss. It will require a little more 
material than Whipple's, which is of the trapezoidal form, 
because in his truss the members ABj Ah^ TTF, and Wvj will be 
omitted, and the weight of the long end braces will be but little 
more than the vertical posts aA and v V, In other respects 
the computation will be the same in the two cases. 

Assume that the weight of the truss is 210,000 lbs. Ako 
let 

Span av = 200 feet = L 

Depth of truss .18 feet 9 in. = J9 

Length of a bay = 9^ feet = I 

Number of panels. .....= 21 = iT 

Panel weight of one truss = 5,260 = w 
Panel weight of live load = 13,640 = p 
Inclination of the ties, = 45° neai'ly. 

The weight of the truss is intended to be only that part of it 
which produces strains, and hence excludes the end posts and 
one-half of the end bays. This weight is assumed to be uniform 
over 20 panels, and as there are two trusses, the panel weight 
is 6,250 lbs. 

THE CHORDS. 

The maximum stress on the chords is produced by the total 
live and dead loads. To find the stress on PO for instance, we 
find it on OQ ior the simple truss Oo Qq Ss Uu Vv; and on 
jVP for the simple truss J^n Pp Pr^ etc., and add the results. 

A slight ambiguity arises in these cases, because if the loads 
be considered concentrated at the joints, and equal at each joint, 
they will not be symmetrically placed in reference to the centre 
of the truss, and hence the support at a will carry a little more 
than half of the load on the partial truss aA^ i, 2>, fy etc., and 
the support at w will carry the same portion of the load on the 



156 .TRKATI8B ON BBIDOB8. 

other partial tniss. Bnt it simplifies the case considerably tc 
suppose that each one sustains one-haLE the load for each partial 
truss, and I will so consider it in regard to the strain on the 
chords. For the sake of simplicity we will call the inclination 
of the diagonals 45 degrees, although it differs slightly from 
that This will be equivalent to calling 21 = I). These 
approximations will make the stress upon the chord somewhat 
less than an exact analysis, perhaps 30 or 40 lbs. less. 

For the partial truss Ww Uu Ss, etc., let Fj be the reaction 
of the support at Wy and 27, the stress on the chord. 

The load will be 10 {p + w,), 

.'. Fj = 6 Q> + w^)y and taking the origin of moments at o, 
we have 

JI,J)= r,x7l-3{p + w,)x4tl 

23 
.*. JjT, = -jr- (j> + ^i) = stress on O Q. 

For stress on NPj take the origin of moments at n. 

r.H^D= V,xSl-3{p + w,)xU 

28 
.'. JBi = -^r- (^ + w^ = stress on IfP. 

.-. Stress on OP = PT, + H^ = -1 (p ^ w,). 

In a similar way we find the strains on. all the other bays. 
The results are entered in the following table. 

To find the weight of the hollow pieces (columns) which 
form the upper chords, assume that the ends are round, the 
column long and cylindrical, and the thickness -^ of the exter- 
nal diameter. (Any other thickness might be assumed.) Then 
if we use jime times the stress for safety, we may find, as in 
article 25, that 

_l_ 1.79 

Weight = 0.00459961 (5 x streaaY^ x (length) o-w * 

= 0.01082713 («^/-m)^.88 X (&w^^A)o.M...(161) 
(log. 0.01082713 = 2.0346136). 
By means of this fonnula the weights in the following table 
have been computed. 

* See alao CoL Meirill^s Iran Tntss Bridget for BaU-IicHHla, p. 51. 



DOUBLE TAJSnSL SYSTEI^ 



15T 



Hence, for one-half of the trnas, we have the following 
ceanlts : — 



FutOB. 



UAxncuif CouFBBaeioN oir tTppEB Ohobd. 



iiBa 



r 
u 

T 



u 

T 

8 



8 R 
R Q 



Q 
P 

O 



P 

o 



N M 
ML 
L K 



8 
88 

8 
81 

8 

87 

T 

48 

8 

47 

8 

8 
88 

8 
85 

8 
»_ 

8 
86 

8 



(i> 


+ w,) 


{p 


+ 


w,) 


(i> 


+ w.) 


(i* 


+ 


M>.) 


(/> 


+ 


W.) 


(i> 


+ W,) 


(i> 


+ w.) 


(i* 


+ 


W.) 


(i* 


+ 


«'.) 


(i* 


+ 


W.) 


(i* 


+ 


W.) 



Total 



141,675 

217,235 

292,795 

349,465 

406,135 

443,915 

481,695 

500,585 

519,475 

519,475 

519,475 (half of) 



Weioht 

IK 
LBS. 



435 
547 
640 
705 
761 
798 
834 
851 
868 
868 
434 



7,741 



The stresBes npon the lower chord are found in the same 
manner, observing to take the origin of moments at the proper 
joint of the upper chord. 

The weights of the pieces are found from the formula :— 

TIT- • 7^ 5 X streaa in vownds x length infect 
stresB inj>oimds x length i/afeet 

"" poo 

This is for a factor of safety otjhe* 
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In this way the following table was compnted : — 




V w = 

u t = •^(j> + w,)= 47,225 

t 8 = ^. {p + w,) ^ lAlfil^ 

« r = ^ {p + w,) = 217,235 

r q ==: ^ (^ 4- «>0 = 292,795 

q p = ^ (^ + t^j) = 349,465 

jp (? = J» (^ + w>5 = 406,135 

^ n = -|L (^ 4- «?,) = 443,915 

n w = -|. (^ + trj = 481,695 

ml = J|L (^ + «?.) = 500,585 

I h = -»(j? + t^,) = 519,475 (half of) 

Total 



125 

380 

575 

775 

920 

1,074 

1,174 

1,274 

1,324 

687 



8,308 



THE TIEa 

A slight ambiguity also exists in regard to the stress on the 
ties, bnt I have assumed for the dead load that it is zero at the 
centre, and increases uniformly to the ends ; but for the live 
load I assume that the weights on each of the joints are equal 
to 13,640 lbs. 

The former hypothesis makes the stress on the end ties Q>A)j 

6 w^ sec 0y instead of -^ «?„ sec 0. 

For a maximum stress on the main ties the load must extend 
from the tie to the remote end, and for a counter tie, from it 
to the near end, as has been shown heretofore. The method of 
determining the stresses is sufficiently evident from previous 
explanations. The weights of the ties are determined from Eq. 
(157). The results for one-half the ties are given in the follow- 
ing table. 
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PiBCB. 



Mazimuh Tbnbxoit on the TiBfl. 



LB& 



h A 


— 


A 


= 


d B 


= 


e O 


= 


g E 


_^ 


h F 


zzz 


i 


zsaz 


k H 


= 


I I 


= 


m K 


^z 


n L 


^Z! 


M 


^Z 


qO 

rP 

« Q 
t R 


=r 


V T 


•== 




= l^i' 



21 -^ 

SS.P 

21 -^ 

21 -r 

12 ^ 



+ w^ 

+ w^ 

± Oi 

± 

— w^' 

— t^, 

— 2 t^/i 

— 4 w^ 

— 4 t^. 



X ^ a 
X \^T 
X V~ 
X -v/T 
X -/T" 
X VT" 
X -v^T 
X -v/T" 
X ^"F 
X \^T 
X -v^T" 

X -v/"^ 
X y/T" 

X >/~r 

X -/T 

X «/"2~ 
X \/"2~ 
X -/T 

X -v/T 



109,228 
129,247 
112,365 



= 104,312 



88,407, . 

72,999.. 

66,285 . , 

59,849.. 

46,004.. 

40,490., 

27,566.. 

22,999.. 

10,917. . 
7,272 . . 
Negative 
Negative 
Negative , 
Negative , 
Negative, 
Negative. 



Weight 

IN 
LBS. 



636 
952 
828 
768 
651 
538. 
483 
441 
339 
299 
203 
169 
81 
54 



Total 6,442 



The Vertical Struts. 

The vertical component of the stress on the struts is the same 
as for the ties, as has been before shown, and hence the general 
expressions are given in the parenthesis of the preceding table. 
Their weights are computed from Eq. (156). The results for 
half the struts are given in- the following table : — 
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LBS. 



a A 
6 B 
e C 
dD 
e E 
f F 

hR 
i I 
hK 
I L 



— 10^ + 



10 «> 

4 10 

4 w 

3 10 

3 t0 

.2w 

2 to 

to 

to 








Total = 



188,900, 
79,457 
73,621 
62,514. 
57,319 
49,393 
44,531 
34,420, 
30,253, 
19,486, 
16,238, 



Wbioht 
HI 

LBg. 

1,841 

1,162 

1,115 

1,024 

977 

902 

854 

745 

695 

550 

499 



10,364 



Hence we have : — lbs. 

Weight of upper chord = 7,741 

"Weight of lower chord = 8,808 

Weight of ties = 6,442 

Weight of posts = 10,364 



Total = 



32,855 
2 



Multiplied by 2, weight of one truss = 65,710 

The computation thus far is for a mere skeleton trttas, and 
hence something must be added for connections, pins, bolts, 
cross-ties, floor and track, to find the full weight of the bridge. 
Some of these might be computed, but instead of attempting it, 
we will add 15 per cent of the above weights for the mechani- 
cal connection, and add * 

For iron floor beams 100.80 lbs. per foot. 

Top lateral struts 21.60 lbs. per foot. 

Top lateral ties 24.00 lbs. per foot. 

Track (includuig rails, ties, etc., etc.). . . . 245.60 lbs. per foot. 

Total 392.00 lbs. per foot. 

* I have taken some of these nnmbers so as to make them agree with thoae 
in an axtide which I published' in the BaU-Boad Gazette^ Dec. 24th, 1870. 
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And for half the bridge we multiply this by 100. 
Hence we have : — 

, Weight of one truss. . : 65,710 Iba. 

Weight 15 per cent 9,857 lbs. 

Half weight of floor, etc», etc., as above 39,200 lbs. 

Weight of half the bridge 114,767 lbs. 

Total weight of the bridge 229,534 lbs. 

After deducting the weight of the end posts, half the weight 
of the end ties, and half the weight of the end bays of the 
chords, I find that the computed weight exceeds the assumed 
weight by about 5,000 lbs. This, however, would increase 
the preceding result by a small amount only. 

I have also made the following computations, using the same 
live load per foot of length as above, and assuming that the 
ties incline at an angle of 45^. 



Live Load 
per Panel. 


16 
20 
21 
21 


Assnmod weight, 
of the Tmss. 


Depth. 


Weight 

of Upper 

Chord. 


Weight 

of Lower 

Chord. 


Weight 

of the 

Ties. 


Weight of 
the Posts. 


Oompated 
Weight of 
theTmas. 


Lbs. 

17,600 
14,080 

-13,640 
13,640 


Lbs. 
240,000 

240,000 
280,000 
210,000 


Ft. 

25.00 
20.00 
18.75 

18.75 


Lbs. 
8,895 
7,953 
7,884 
7,741 


Lbs. 
6,221 
7,934 
8,935 
8,308 


Lbs. 
6,790 

6,615 
10,449 
10,364 


Lbs. 

13,748 

11,133 

10,748 

6,442 


Lba. 

242,408 
238,234 
232,753 
229,534 



The live load is nearly the same per foot of length in all 
these cases. We see that the assumed weight has much less 
influence upon the resultant weight than the depth of the truss 
has. The data in the first two cases are essentially the same 
except the depth, and we see that the resultant weight is leffl 
for the less depth. This result appears still more strifeing by 
comparing the third case with the others ; for here the weight 
is 40,000 lbs. more, and the depth is 15 inches less, than in the * 
preceding case, and yet the computed weight is less than in the 
preceding case. 

If the memhers which are mbjected to compression a/re pro- 
portioned as for piUarSj it is easy to show that for rn/mirmmk 
tnMerial the depth rmist he i/rijkdtdyi smdii* 
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N 
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^ One of the builders of these trusses (and 

^ perhaps many others do the same) insists that 
a depth equal to one-eighth of the span gives 
the best results. As we have just seen, it does 

^ not give the minirmim matmal, but it must 
be observed that the less the depth the greater 

^ is the number of bays, and hence more pieces 
must be used. The small saving in mate- 

< rial in a low truss is more than balanced 
by the extra cost of labor in manufacturing 
them. Indeed the whole problem of " Mini- 
mum Material" in trusses is more theoretical 
than practical. The saving of a few lbs. of 
material is as nothing compared with the 
best modes of connecting the parts, and of 
conveniences in erecting the structure. It 
would also be folly — if not madness — ^to insist 
upon saving a few pounds for the sake of 
making a lighter truss than some other build- 
er, if by so doing it involved any known risk 
of safety or durability. 



13S« — ^POST'S TRUSS 18 a slight modifica- 
tion of the ordinary panel system. The posts in- 
cline towards the centre having a run of half 
a bay ; the ties cross a post and incline 45°, 
and the counter-ties have the same inclination, 
but cross only one panel, as shown in Fig. 93. 

The mode of analysis is essentially the same 
as that already explained for the panel system. 
Let 

Span or = 200 feet = Z 

Depth of truss 18 feet 9 in. = 2> 

No. of panels 16 = JT 

Panel length 12 feet 6 in. = i 

Panel weight of engine . 17,600 lbs. = ^ 
Panel weight of one truss 6,562^ lbs. = w 

This load is essentially the same as that 



lO 
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iBsenmed in the j»aceding problem. The span and depth are 
the same. 



- To find the maximum strain oathe ties and posts, suppose 
that the live load extends over the whole length of the truss, and 
moves oflF, without shock, in the direction from r toward^, a* 
The maximum strain on Rr and Rq^ will be when the load ex- 
tends the whole length ; on Rp when the load extends from ^ 
to ^ ; on oQ and Qg when it extends from o to (»,and so on to 
the centre, beyond which we get the maximum on the counter- 
ties only ; and to get the maximum on the other half of the 
bridge, we suppose that the live load moves in the opposite 
direction, and consider the maximum on the post and main ties 
to .the centre, and on the counter-ties beyond the centre, as 
before. The results are entered in the annexed table. To 
show how they are obtained, take c2>, for example, and consider 
first the moving load. Since ah is only half a bay, the joint h 
will sustain only ip (although in considering the dead load I 
have supposed that w^ is supported there). If the truss had no 
weight the loads at h and c would produce tension on a diagonal 
passing from etc D. Although this diagonal is not shown, 
yet we may find the stress which tends to pass through it. 

The strain is produced by a load of ip at J, andjp at c. A 
portion of tho strain due to jp is transmitted throng bC\ 
thence to o, thence through cD (not shown in the figure), and 
so on to /•. Similarly the strain due to j? at <? is transmitted 
through cDy and so on to r. Hence, if we find how much of 
the weight is sustained at r, we find how much would be trans- 
mitted through eD, by multiplying the result by the secant of 
the inclination. This is easily found by moments. Taking the 
origin of moments at a, the lever arm of ip is ah = one- 
half a bay ; of ^ at <?, is a(J = li bays ; and the arm of the 
moment of the reaction at r is 16 bays. 

Hence we have 16 x reaction = ip x i + p x ^ 

.', reaction = -^p 

In a similar way find the stress due to the weight of the truss, 
by observing that it is loaded the whole length by the weight of 
l£.e truss. Or, observe that the strain at the middle due to the 
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weight of die tnuB is zero, and increases eacb waj from tibe 
centre, and we find that the stress due to 10, is S^o^ see 0, Hence 
the resultant stress due to both loads is 

. i^P - 3W.) sec 0, 
as shown in the following table. In this case it is n^ative. 

The secant of the incliitation is V 2, and the length of a tie is 

18.75 X V 2. Hence we readily find the following results : 




q B = 
p E = 

Q = 
n P = 
mO = 

1 J!r = 
M = 
X = 

1= 

g H = 

f a = 

e F = 
d E = 
D = 



A 



{mP + 
[^J> + 

S--P + 

S--P + 

' 881 2% ^ 

.856 -^ 
r 815 4f% ^ 

128 -^ 

128 ^ 
400 -t 



SLp — 

128 -^ 
1128 -^ 

iL Z> — 

1128 ^ 

L-P — 

128 "^ 



4w.) 

4w, 

3w," 

3w, 

2w, 

2W, 

to, 

0I 

«>, 

2m»." 
2w.j 
3w, 
3w, 



X V » 



X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 






103,979 

117,542 

112,138 

95,804 

81,856 

67,078 

54,685 

OkyjJjJ ... • • 

30,627 

37,919 

18,526 

Negative. . .. 
Negative. ... 
Negative. . .. 
Negative . . . . 



571 

866 
826 
706 
603 
494 
403 
280 
226 
286 
137 
69 



Total 



5,467 



posra 



The end posts sustain the weights on both partial trusses, 
which equals the sum of the quantities in the first two parentheses 
of the preceding table, multiplied by the secant of the inclina- 
tion, which is i Vio". Thelength of a post is ^ of 18.75 VTo". 

When the (arain extends from the c^itre to one end of the 
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bridge, it is impoetdble to tell exactly how ranoh k eottaibed hf 
li JQ respectively, but the meet rational aissamption is, that 
each transmits half the strains from /to the lower chord. We 
readily find the following results : — 
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r Ji = 
S « = 

= 

n jr = 

mM = 

1 Z = 
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LB& 






258-^ 






266 

2n6 
815 






266-^ 



•f 3tl7j 
+ 2tl7, 
+ 2W7, 

+ w^ 

+ 
+ 0] 






188,900. 
81,335 . 
69,160. 
69,513 
48,498, 
40,011, 
29,195 
22,827 
14,131 



Total 



Weight 

IK 
LBB.' 



1,842 

1,498 

1,198 

1,102 

988 

893 

755 

662 

612 



9,450 



THE CHORDS. 

The maximiim strain on the chords is produced by a load extend- 
ing the whole length of the span. The strain on any bay is meet 
easily found by the principle of moments. For example, take no. 
If this piece be severed the truss may fall by turning about Oor 
jP. To find the strain on op^ suppose that tiie truss is separated 
into two simple ones, one being composed of the parts rR^ i?p, 
^P, Pn^ etc. ; and the other of rR^ Rq^ qQj Qo, oOj Om, etc. 
We find the strain on Tip for the first partial truss, and oq for 
the second, and add the results for the strain on op. Let F, be 
the amount sustained at r for the first truss, and V^ that sus- 
tained by the second truss. By examining the table of strains 
for the ties, we see that the reaction at a for the first partial truss 
is y^ p + 4 ^«7^. The origin of moments being at Q^ let fall 
a perpendicular Qx^ then will the lever arm of F, be ? = ar. 

The load at q being ^p + w\^ and its arm being x q-^W 
its moment will be {^p + w^ \ I ; and as Y^ and this load act 
in opposite senses, w&have for the total moment, 
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S,I>= F. i - (f ^ + «0 4^; but2> = I « 

% 



256 
957 



i'+ a^w. 



884 ^ ■ 3 
For the other partial tnus, let &11 a perpendicular from P to 

llie lower chord. Calling the strain on n p for this part of the 

tnus .SI, and we find, 



D- 1734 . 15 



Hence the strain on o^ is 

2691 



22 



^•■"^'=384-^+T«' 
18 giyen in the table. 

In a similar way the strains on any part of tne npper or 
lower chord are found and entered in the table. The length 
of each regular bay, which is the length of the pieces of the 
chord, is 12^ feet. 




ah or qr 
h c or gp 

d orp o 

de ox on 

efornra 

fg or ml 

ghor I k 

hi or hj 

J* 
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= w.^ ^ -fw. = 59,174 

= wi' + 4-«'. =171,462... 

= *^p + -f^w. = 282,287 

= ^j> + Ji-w, =360,387 

= f^p + ^ w. = 413,558 

= ^p f -f-w. =475,162 

= l^jp + ^ w, = 485,200 

= f^p + ^w,= 509,646 (half) 

Total 



205 
595 
980 

1,257 
1,435 
lj650 
1,085 
885 



8,686 
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MAXDiUH COMPBBS8ION OK THB UFPBB CHORD. 

LBa 



i? Q 

QP 
P o 

O N 

NM 

ML 

LK 

KT 






Total = 



16 
8 


W, 


28 
8 


w. 


40 
8 


w, 


48 
8 


w. 


56 
8 


w, 


60 
8 


M). 


64 
8 


M>, 


64 

R 


W, 



119,805. 
228,414. 
326,437. 
389,420. 
445,350. 
487,068. 
499,738. 
508,273. 



Weiohtb 

LBS. 



668 
943 
1,139 
1,249 
1,347 
1,409 
1,428 
1,441 



9,624 



The sum of these gives the weight of one-half the truss. We 
have 

Weight of ties == 5,467 lbs. 

Weight of pd&ts = 9,450 lbs. 

Weight of lower chord = 8,686 lbs. 

Weight of upper chord = 9,624 lbs. 

Total 33,227 lbs. 

2 

Multiply by two and we have weight ) 

of one truss = f 66,454 lbs. 

Allowing 15 per cent, on this weight for connections, as 
before, and the same quantities as in the preceding case for 
beams, etc., as follows, and we have, 

For iron floor-beams • 100.80 lbs. per foot 

Top lateral struts 21.60 lbs. per foot. 

Top lateral ties 24.00 lbs. per foot. 

Track (including rails, ties, etc.) 245.60 lbs. per foot 

Total 392.00 lbs. per foot 

And for half the bridge we multiply this by 100. Hence we 
have for 
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Weight of one trnas 66,454 lbs. 

Weight 15 percent, 9,968 lbs* 

Weight of floor, etc., as above 89,200 lbs. 

Weight of half the bridge 115,622 lbs. 

Total weight of bridge 231,244 lbs. 

This result is abont 1,700 lbs. greater than for the panel 
system of the same data. This result in kind might have been 
anticipated, since posts being much heavier than the ties, should 
not incline so much as this system demands (18^ 26' from the 
vertical, since ootariff, of inclination = f2-ri2= 3), as was 
shown in article 123. Still, in the eyes of some, the Post truss 
may have other advantages which more than overbalance this 
loss (if we may so call it) of metal. If they have the same 
depth and the ties make two intersections — or in other words, 
cross two panels — and the ties incline at an angle of 45 
degrees, as they do in practice in both systems, then the 
number of bays and panels in the panel system is about 25 
per cent, greater than the Post truss. In die example which 
we have analyzed, the Post truss has 16 panels aud the other 
truss 21 panels, so that for the same span and depth the Post 
truss has fewer posts, fewer ties, and a less number of parts in 
the chords ; the length of the chords is the same, the length of 

the ties the same, and the length of the posts -^ ^^ 10 = 1.054 
longer than the corresponding parts of the other truss. A 
comparison of the results shows that the total weight of the 
ties and posts in the panel truss exceeds considerably the total 
weight of the same pieces in the Post truss. This excess, 
however, is more than made up by the greatly diminished 
weight of the upper chord, which is caused by the shorter 
pieces of which it is composed, in the example before us. As 
we have seen, the weight increases nearly as the square of the 
length of the compression members. 

We see that the difference in weight is quite too small to 
establish the superiority of one over the other. The simplicity 
of the details, die ease with which they may be erected, theix 
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liability to get out of repair, and the ease with which they may 
be repaired, are more vital questions than the mere saving of a 
few lbs. of iron. Still the question of form is a very import- 
ant one. Lightness in itself is desirable, but other qualities 
are equally desirable, and the engineer should seek to combine 
as many good qualities aa possible.* 

* Mr. Post g^ye this indination to the posts so as to secure less material than 
in the ordinaiy panel sjstem with vertical posts. An attempt to proye this is 
given in CoL MerrilPs ^* Iron Trass Bridges for Rail-Roads,*' p. 121, bnt there 
axe seyeral assumptions in the demonstration which are not demanded by the 
problem, and, by introducing them, make the solution of little or no value. 
In the first place it is assumed that the middle pair of posts meet in the 
middle, as at /, Fig. 92. This is not necessary in the discussion, although the 
inventor may construct it in that way. 

In the next place it is assumed that the run of a brace is half a bay. This 
is b^^ging the question ; for he does not consider the run of a tie in the 
solution, and hence it would be just as fair to assume that the run is one- 
fourth, or any other fraction of a bay. In other words, the number of bays is 
independent of the run of a brace. Removing these two assumptions from the 
solntion, and it follows quickly that the posts should be vertical For we htme 

W= the weight to be carried ; 
h = the depth of the truss ; and 
b = the run of the brace. 

W i^ b* + h* 
.•. Stress on the brace = —-7 

Jt N = the number of braces, their 

Voiume = constant x JT l" ^*"^' + ^H *" ^ [" y y ^ ^, " |~ 

in which m = , and 



n = 



1.88 
1.79 



0.94 
As & is here the only variable, it is evidently a minimum for b = 0. 

But if JV is a function of the run of the brace, as, for instance, jy=— - 

CO 

where <; is an assumed constant, and L = the span, we have 



=«— »4ra"»^^^"-*-" 



which is to be a minimum. All is constant but the last factor. Solving gives 
b = 0.8336 h 

.-. -| = 0.8336 = tam.g 39' 49' 

In this solution the number of braces is arbitrary, and their run may be aoj 
fEBctional part of the bay. 
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186.— ■3PrRA sTRAivs. — ^We have supposed that the chorda ' 
were parallel and horizontal. Bat if they sag, or are arched, 
the strains upon the several parts will be slightly modified. 
For instance, if they sag, the strains in the chords will have 
a downward component. This component may produce an 
additional stress on the verticals. But I think that in no case 
of good workmanship will it be necessary to consider the effect 
of such a stress. 
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MULTIPLE SYSTEMS. 



137. — ^BLLiTFT»s liATTicB, is of the form of a multiple 
panel system, as shown in Fig. 93. It is a wooden structure in 
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which one-half the pieces are vertical and serve as ties, and the 
other half are inclined at an angle of about 45 degrees and 
serve as braces. There are no counter-braces. The main 
braces meet in the centre, as shown in the figure. 

For heavy loads on a light structure this would be a weak 
point. By securing the main braces at their ends to the verti- 
cals, or to the chords, would cause them to act as counter-braces 
when necessary. The inventor supposed that one-half the 
pieces should be vertical in order to resist the vertical forces in 
the truss, but we have seen in the triangular system that this is 
not necessary, and it is questionable whether it possesses as 
much advantage over Towne's Lattice as was at first supposed. 

The inventor introduced an arch into the system, which makes 
it a compound system. The arch will add very much to the stiff- 
ness of the structure, as well aa to its strength. Without the 
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•Ecfa, it may be analyzed in the same way as Towne's Lattice, 
bat with the arch it is imposBible to make an exact analyeia. 

138.— HALL'S I.AITICB.— If Hanpt's Lattice be inverted 
vre shall have the medianical conditions of Hall'a Lattice. The 
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inventor wax induced to make it of this form because the nlti- 
mate resistance of wood is greater for tension than for comprea- 
eion, and the oblique pieces are subjected to greater strains 
than the verticals. But as the pieces cannot hold more than 
their fastenings, and aa it is difficult to secure the ends of 
wooden pieces so as to bring into use their full tensile strength, 
it ia doubtful if this is any improvement over other forms of 
lattice trusses. 

139. — i<ATEBAi. BOBizoNTAL BBAciNO IS neceesaiy to 

resist the side pressure of the wind and to prevent swaying from 
passing loads. The prrasure of the wind is like a uniform load, 
and its amount may be determined with sufficient accuracy by 
multiplying the total side area in square feet which is exposed 
to the wind by 40; the result will be the pressure in lbs. 
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The bracing must resist the pressure from both sides, and may b(* 
like a Howe Truss placed under the roadway or over it, or both 
aader and over, or it may be arranged as indicated in Fig. 96. 
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140. — KNBB BRACKS are to hold the side truBses eicct 
againet the pressure of the wind. The tmsses are placed on 
each side of the roadway and the latter is suspended from them. 
When necessary a knee-brace Ay Fig. 96, or a tie-brace jB, of the 
same figure, is introduced. The total pressure of the wind 
being known, and its centre of pressure being at half the depth 
of the truss, and the truss tending to turn about J, Fig. 96, it is 





Fig. 96. 



Fig, 97. 



easy to find the pressure P upon the knee brace at the point 
where the bolt a is inserted. Similarly for the point e on the 
other side. The dimensions of the knee brace may then be found 
on the condition of a beam fixed at one end, and a force -P ap- 
plied at the other. The stress on JB will be P sec 0. 

In the case of a deck hridge^ or one in which the whole 
bridge is below the roadway, there will be room to place the 
braces as in Fig. 97. In such cases the braces need not be 
large. 

141. — STABIIiITT OF THB BRKDGS ON ITS SUPPORTS. 

—The bridge may be overturned by the force of the wind, or 
it may be slid off by the same force. If 

A = the area in feet exposed to the wind ; 
B = the width of the bridge on the supports ; 
W = the total weight of the bridge; and 
f = the force of the wind per square foot 
we must have, in order to prevent overturning, 

WxiB>iAxiI). 

f in ordinary cases rarely exceeds 8 or 10 lbs. per square 
foot, but in rare cases it has exceeded 40 lbs. This will be 
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mcire fully digcnssed in the Part on Roofs. If the above ine- 
quality does not exist, the bridge should be anchored in some 
wtitable way. 

If y = the coefficient of friction, we must have, to prevent 
slipping, 

fW>iA 

Values of f 

For Oak upon oak .^ = 0. 62 = f nearly 

Oak upon elm .^ = 0. 38 = J nearly 

Iron upon oak .^ = 0. 65 = f nearly 

Cast iron upon cast iron . . . .^ = 0. 16 = {• nearly 
Oak upon calcareous stone .^ = 0. 49 = 4 nearly 

If the above inequality does not exist, the bridge must be 
anchored. 

GRAPHICAL REPRESENTATION OP THE LAW OP STRAINS. 

149. — CONTINUOUS I.OJJDINO— TBRTIOAIi SHBARINQ 

8TBBSS* — ^Let a beam A C, Fig. 98, be loaded uniformly, and 

continuously from one end 

^ to some point jB. Let the v, Vj 

beam be considered as a uni- ^> 

form load throughout. If |^^^^ b 

we conceive that a truss has A ^.^^^ M 

indefinitely short bays, so JS 

that if one of the chords be Pig. 98. 

taevered it may turn about 

any point, considered as a joint, the case will be essentially the 

same as the one we are considering ; and even when the bays 

have a finite length, the formulas which we shall develop from 

this case will be suflSciently exact for most cases. 

The chief advantage of assuming that the strains are con- 
tinuous, instead of being concentrated at joints (or nod-es) only, 
as in the preceding cases, is that the law of change can be 
represented by straight lines, or by continuous curves, as the 
case may be, and the results may be more easily discussed* 

Let L •= AC =^ distance between the supports ; 
01 = AB = the length of live load; 
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w = the weight per foot of length of the beam (dead 

load); 
w' = the weight per foot of length of the live load ; 
TTj = «? Z = the weight of the beam or bridge; 
IT, = w' Z = the total weight of the live load when it 
extends the whole length of the span ; 

Tr= f;+ tt,; 

F", = the reaction of the support at A ; 
V^ = the reaction of the support at O; 
Sg = the shearing stress ; and 
z=Ca = any distance measured from O. 
We readily find that 

F, = i wZ + ^(L - i (8) flj (163) 

r, = ^wZ + ^ (164) 

The vertical shearing stress at any point between O and JS is 
fcond by subtracting from the value of F, all the load between 
the end Cand the joint considered. 

/. /S, = F, —wz = i wL + -^y wz (165) 

Now we desire to show that the shearing at the point a is 
greatest when the load extends from A to a {orx + z = L) and 
Aa is greater than aCy or a? > s. 

1st, Suppose that the load is uniform on Ba^ and equal to 
w' X Bay then we readily find that the shearing stress at a is 

w' X £a (x + i Ba) . , j- , w' a? 

X — ^ + i«,z + ^x - ""^^ 

which is greater than Eq. (165.) It is also evident that if any 
part of Ba be loaded, the shearing stress at a will be greater 
than if it be wholly unloaded. 

2d, Suppose that the load extends from A to some point to 
the right of a. Then a fractional part of this load, say «-*** part, 
will be supported at C, but in obtaining the shearing stress, the 
whole of the load at the right of a must be deducted from the 
reaction of the support at 0\ and hence the shearing stress at 
w will be less than if it extended only to a. 
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If the load extends from J. to a, 2? = Z — a?, and 
becomes 







(166) 



s 

3d, Suppose that the live load extends only from ato Cy then 
will the shearing stress at a be 

S'/ = F, — mzj = i wZ+^-j (Z — xf — iDXy 

which taken from Eq. (166) gives 

S. - /SV = - 4 K + 2i^?) (Z - 2aj); 

which is zero for x = i Z; 

Negative for x <i Z; 
Positive for a? > i Z ; hence 

the vertical shearing stress at any point for a uniform, load is 
greatest when the greater segment of the span is loaded^ and 
the shorter unloaded, 
• For this case Eq. (166) becomes 

^. = ^+t/?a?-4t^^Z = y(say) (167) 

Equation (167) is the Equation of a parabola, in which y is 
vertical, as shown in Fig. 98. The 
ordinates of the curve BD represent 
the vertical shearing stress at the rear 
end of the live load for uniform live 
and dead loads, the length of the live , 
load being equal to the length of the 
span, and moving off from the beam 
towards the left, or moving on to the beam towards the right, 
without shock. The curve through E represents a similar vertical 
shearing stress for a live load moving in the opposite direc- 
tion. 

In truss bridges with parallel chords the diagonals incline 
one way from C to D, and in the opposite direction from 
A to where the dotted line crosses A (7, and the middle part of 
the line which is included between the two curves represents 
the part of the truss in which diagonals incline both ways. 

For a? = Z, y is a maximum = BC = 

^{w + w') Z = \W. 
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To find where the carve crosses the axis of x, make ^ = in 
Eq. (167) and solve for x. 



(168) 



.■.x = x, = V-l±Jl+'^'\^L 

' This value (x^) is also the point of zero shearing stress. 
Iiw = w'; x^ = 0.41 Z or - 2.41 Z 
2w = w';x^z=: 0.36 Lor - 1.18 Z 
5w = w'; x^ = 0.29 Z or — 0.46 Z 
lOw = w'; Xo = 0.23 Z or — 0.45. 
The negative values do not come within the limits of the 
problem and only have an analytical signification. 

The value of x^ shows how far from each end counter-braces 
are unnecesBary, and as the live load rarely exceeds two or three 
times the dead load, it appears that we may safely say in prac- 
tice that for a distance of . 3 Z from each end no counter- 
braces are needed. 

The effect of the live and dead loads may be shown separately. 
Thus, in Eq. (167) let 



and 




1 /l*4t 



Pig. 99. 



2Z 



wx — i wL = — y^ 
the former of which is for the live load, 
and is the Equation of a parabola, as in 
Fig. 99, in which the vertex of the curve 
is at the origin of co-ordinates, at D, The 
latter is for the dead load, and is repre- 
sented by the straight line AB. The 
point E where these lines cross is the point 
of zero shearing. 



. — GBNBRAii PROBiiEMs. — 1. Find a general expres- 
sion for the point of vertical zero shearing stress, when a beam 
has a ilniform dead load and a uniform live load, the live load 
extending from one end to any point of the span. 

2. Find a general relation between the centre of gravity and 
the point of zero shearing stress for a uniform dead load and a 
uniform live load, the latter of which extends from one end 
to any point of the span. 
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3. Show from the preceding when the dietance between the 
point of zero shearing and the centre of gravity is a maximum, 
and when it is a minimum. 

4. Suppose that a uniform load, as a train of cars, is headed 
by a single weight P, as a locomotive, and that there is a uni- 
form dead load : required the expression for the shearing stress 
at the point where JP is applied as the train moves along, sup- 
posing that all of P is applied at a point. 

144. STRAINS UPON TBEK CHORDS, If WC SUppOSO that 

the chords are liable to break at any point, instead of at a joint. 




Fig. 100. 

we find a very simple expression for the strains upon the 
chords. 

In Fig. 100, 
Let X = AJB ; 

D = BE = the depth ; 
T = i TT = one-half the total load; 
J?" = the strain upon the chord at any point ; * 
w = the load per foot of length of live and dead loads. 
Taking the origin of moments atJS^ and we have 

i TTa? - i mc* = JKi> (169) 

•••^=-^^- m 

which is the equation of a parabola, whose axis is vertical, and 

whose origin is over the middle of 

the span, as shown in Fig. 101. 

The value of JT is a maximum 

f or « = i Z; for which ff = ^^- ^^^• 

^ -j^. Jt also diminishes as the depth increases. 

J.KC k \<-JLJtA^^ '^ '^ " '^ 
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PBOBiiRHS. — ^1. What must be the deptih of the tmsa 8o 
that the Btrese in the chords at the middle of the span shall 

■ equal —th part of the total live and dead loads ? 

2. Find the point where the strain npon the chords eqnals 
the vertical shearing stress. 

KoTB.— The yetftioal ahearing l iio— multiplied lij the mo. gives the 8tre« 
upon the diagonalB. 

3. Find the point where the stress upon the diagonals equals 
the stress upon the chords. 

145« — REIiATIOIf BETWBBN TBEB SKBARING STRESS AND 

THB moheents of AFPiiiBB FORGES. — "Bj differentiating 
Equation (169), we have 

^ ^ =4 W-wx (171) 

the second member of which is the value of the shearing stress 
at any point for a uniform permanent load. Hence, the shear- 
ing atreas is thejwat differential coefficient of the moment of 
allied forces (flie forces being perpendicular to the axis of the 
beam). 

* 'The reverse is also true, that the moments of applied forces 
may be found by multiplying the expression for tiie shearing 
stress by tiie differential of the abscissa and integrating the^ 
expression. 
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CHAPTER IV. 

TRUSSES WITP OHOEDS NOT PARALLEL. 

' 14«.— "««"J'"M'« TBusSr— One of the simpleBt bridgoi 
of th!B kind is called McCallnm's Traea, ae shown in Fig. 102, 
T]u8 is a view of one-half of the Susqnehannah Bridge on the 
Kew York and Erie Baih^ad. The epan is nearly 200 feet* 
The general style of this truss is that of the " Howe Type." 
;The lower chord is horizontal. The main pecvlia/rity is the 
cnrvatnre of the upper chord, although the inventor gave dae 
consideration to the details of the conBtmction. The long 



braces which paes from tJie abntment and reach over two or 
three panels are called arch-hraoBS. As the chords are horizon- 
tal at the middle, the strain upon them at that point will be the 
same as for parallel chords throughout, and will be, with suffi- 

WI, ■ . 

cient accuracy, i — j^, but near the ends the etreies will be 

greater , than for parallel chords, because the ■ depth of the 

truss is less ; but this is not a disadvantage, for we have found 

in our previous investigations that in the latter case the stress is 

much less than it is at the middle ; and when the chords are 

made of uniform size thronghont tiiis is a decided gain. The 

* Apphlmt't Mteh. Mag., 18&S, i^ 73. 
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BtreflB npon the end braces will be nearly i Wsec 0^ and hence 
may be the same as for trusses with parallel chords. The stress 
npon the diagonals and verticals, excepting those which are neai 
the middle, will generally be somewhat less than upon those in 
trasses having parallel chords, for the upper chord in a measure 
acts as a brace. 

' This truss is not necessarily any 9tronger than a Howe Truss 
of the same span and depth, but it is stiff er. 



n^' 



,v. 
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147. — ^ROTATioif. — This truss has a horizontal lower tie 
(chord), and a polygonal upper chord, the vertices of the poly- 
gon being in the arc of a parabola, the vertex of the parabola 
being over the middle of the span, and ttie curve passing 
through the ends of the span. The trussing may be quad- 
raniirularor trian£rular. 




Fitt. 108L 

la Sig. 108, 

Let J\r= the number of bays in the span ; 

n = the number of a bay counting from one 

end; 
0^ = the compression on the n-th bay of the 

upper chord ; 
tfi, = the tension on the fi-th bay of the lower 

chord ; 
F^ the stress on a diagonal; 



ASOBSS> TED88. 181 

JF[ = tibe streBB ou a vertical ; 
i <s tiie inclination of the arch to the horizon- 
tal; 
= the inclination of a diagonal to the verti- 
cal; 
2> = the distance of the vertex of the parabola 
from the horizontal tie ; 
A = the depth of the truss at any pmnt ; 
I =z the length of a bay ; 
J} = one of the equal weights placed at the 

joints; and 
V = tiie reaction of the support at JB. 

Let the origin of co-ordinates be taken at the vertex of the 
oorve, X horizontal, and y vertical, and 

d' ^dL,yf' ^ Ll.^xi^ 
2 j>i = the parameter of the parabola. 
The general equation of the curve is a^ = 2jpj y^ and for the 

point B this becomes J -3^ ? = 2 j>, D .% %p^ = and 

the equation of the curve becomes 

^^Tis^y ""^y^-wT^ ^^^^> 

Counting from B^ we have B 1 the first bay ; 1-2, the 
second, and so on to 2-3, which call the n-th. Then 

d = (i JT — n) Z, and 
d' = (iiT-n + 1)Z, which 

yalues in Eq. (17?) give ^ , 

S/ = ^(ir-2n)',and' J ^ 

* - _ 

For the diagonals which incline to the right, as } 3, we have 

3-2 .1 _ I 

{lf*^{k-%n-\-^Yi .,..(178) 
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For the diagonal o 2 we have 

ta^i^y'-=yL^^^If^^n-}-l) .....(175) 

As in tnusses with parallel chords, the diagonals may be 
either ties or braces. They are nsuallj ties, and we will treat 
them as such in the analysis. 

14 8« — OASB OF I7NIFOIUIE i«oA]>. — Sujppose Huxt egtiol 
foeigkts a/re placed at the joints 1, 2, 3, etc.y throughout. 

Then F= i (iT- l)j?. 

If the bay 3-2 be severed, the tmss will apparently turn 
abont the joint h. Take h as the origin of moments. The load 
between B and the n-th bay will be (n — 1)^, and its lever arm 
will be (i w — 1) Z, and the lever arm of F will be (ti — 1) ? ; 
and the lever arm of t^ will be A = J9 — y". 

••.^,A= F(n-l)Z- (7^- l)i>(iw-l)Z 

••^-s^D^- ~T ^^^^^ 

Hence the stress on the lower chord is umf orm thronghont 
for a imiform load. 

The same result follows if the load be npon the joints of the 
upper chord. 

The same result also follows if o be taken as the origin of 
moments. 

Hence it is evident that the same result follows if the diago- 
nals are braces instead of ties. 

To find the atreaa v/pon the diagonal nwEi^for eqiud weights 
placed at aU the lower joints. 

It is evident that the horizontal component of the compres- 
sion on the upper chord mmi^ the horizontal component of 
tension of the diagonal (tie, b 3) must equal the tension on the 
horizontal tie £A. 

I iT* 
A c^oosi — Fsm =z tn= ^^J? (177) 
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The sum of the vertical components of the same, strams eqnals 
tlie vertical shearing stress, or 

o« dn i + F008 0= F-5'i? = i(ir-2n + l)p.. . .(178) 
Eliminating c„ between Equations (177) and (178), and we have 

i {N- 2n + l)- y^ taim 

Fco8 = — -. ^-^^. -i>. 

1 + tang tang t 

Substitute in the second member of this Equation the values 
of tang and tang % Equations (173) and (175), and reducing 
gives 

Fcos 5 = 0, 

hence, there will he no st/resa on the diagonal ties for equal 
vteights placed at all tTie joints of the lower chord. 

The same result is true if the diagonals are braces. 

It is also evident that there will be no stress on the diagonals 
for equal weights on all the joints of the upper chord. 

It also becomes evident that for equal weights on all the 
joints of the lower, the stress on the verticals is equal to j?. 

It is also evident that for equal weights on all the joints of the 
upper chord that there will be no stress on either the diagonals 
or the verticals ; and in such a case their only oflSce will be to 
support the lower chord. 

Making jp^ = in Eq. (177) and we have 

c^cosi^^tn (179) 

or the horizontal component of stress on the upper chord equals' 
the stress on the lower chord; and hence it is least at the 
middle and greatest at the ends. 

149. — CASE OF A PABTiAii UNIFORM LOAD.— Calling 3-2 
the Tz^th bay, as before, let the load extend from 3 to ^, and bo 
removed from 2 to jB. 

We shall have 

y_ {N-'n){N-n-V\) 



r(«-i)? _ 



YIN* 



D-y" 4i>(if-»+l) 
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e^tin* + Foot 9 = V\ «en\ 

<V<»««- FsmQ^t^ \ •••^iw; 

~' \ -Y tamg 9 ta/ng i 

Snbetitatiiig tang 9 £q. (173), and tang i Eq. (175), and we 
have 



n-1 , 42? 
i — , 

Foot 9= V 



i-iF37^^xi^;<^-2« + i) 



... F= i^--^^)i-- ^) _P_ (182) 

^ N cos ^ ' 

wMck tmll be the stress an the tie over the n-^^ bay. n may 
have all values from w = 2 to n = ^— 1, and hence tiie 
expression never becomes negative. It will be necessary, there- 
fore, in order to provide for loads moving in opposite directions^ 
to have diagonals incline both ways in all the panels except the 
end ones. 

If we make w — 1 = n„ the preceding Equation becomes 

K.^x 2ir (5^^ ^^^^^ 

which is a more simple expression, and gives the stress on the 
tie over the (n^ — 1)*** bay. n^ may have all values from n^ = 
8 to n, s= iT. 

The stress on the (n — 1)*^ vertical wiU be 

F^JZsi^^'Lzli^ (184.) 

It is unnecessary to consider the stress on the upper and 
lower chords for this case, as it is evident that it will be greatest 
on those members when all the joints are loaded. 

150.--<'ASB OF DIAGONAIi BRACBH— -It evidently mftkes some 
difference whether the diagonal! axe braoa or Ues when the tnus is partiallj 
loaded. Thtis, when the joints 8, 4, 6, eta, to 7, only are loaded, "Eyg, IC0,tf 
the diagonals are ties, the member b 3 wiU be the active one, bvft if tiw fia^ 
ooals are braeei^ c 2 wiU be the active member for the same load. 
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Whm the dhgtmais are braea^iMmaif find that the ttr^ 
n-thhayU 

{N — n) n p 



!?»=: 

2^ ease 

in which n may haye all yalues from n = 2ton = Jir— 1 



(185) 



BZAMFLB.— Let JV=: 8, D = 2^ 

The yalme of e fonnd from Eq. (174), for each partioiilar bzaoe, and substi* 
tated in Eq. (185), gives the following results : — 



No. of the brace, 
or, n = 



2 or 51 
8or ti2 
4 or (23 
6 or «4 
6or/5 
7or^ 



Indixuition of 
braces, or 
• Bq.(i74;. 



the 



83' 

28* 
26* 
28* 
33* 

48* 



41' 
4' 

34' 
4' 

41' 

48' 



Yalnesof 

008$, 



0.6587 

0.8824 
0.8944 

0.8824 
0.8321 
0.6587 



stress on the brace 
the n-th bay or F, 
Bq. (186). 



0.9013p 
1.0624p 
1.1182p 
1.0624p 
0.9013p 
0.6641p 



We see here that the diagonals equally distant from the centre are equally 
strained ; and hence, the maximum stress on diagonal braces in any panel will 
be nearly the same whether the longer or shorter segment is loaded. A close 
inspection of the figure, in connection with results as found from the solution 
of an example, will show that they will not be exactly the same. 

(JT— n)n 
The strains on verticals, i^ = ^ — ^„ p. for a partial uniform load wjQ 

aJS 

be less than p when JV = or < 8, in which case the strains on the verticals will 
be greatest for the load which rests directly upon them. For N > % the 
rtiainB due to a partial uniform load will exceed^, on those near the centre. 



ISl • — VRIANGirii AR TRUSSING — PARABOIilC 

TRUSS. — 'Let the span, Fig. 104, be divided into equal bays, and where verti- 
cals through the middle of the bays meet the parabolic arc, will be the vertices 
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of the tdangles which form the trussing. The parts between the verfcioeB ol 
the triangles are straight, and form the polygfonal upper chord. 
It may be shown in this case that when all the joints of the upper dhozd axo 
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loaded, there will .be no str^B on the triaDfi^alar tnusing, and henoe tiieie wQ] 
be no orofls Btrains on the arch. 

Also that when all the joints of the lower chord are loaded, the tmasing aimplj 
tranamitB the load to the upper chord, and hence the strains on the diagonal 
tmasing will heipaeee nearly (not ezactlj, because the tie-braces on each side 
of the load are not equally inclined). 

For a ease of partial toad, suppose that each of the joints of the lower 

chord, except i7, are loaded with a weight p. The bay at G we will call the 

n-th. We then have for the tie-brace EH^ which may be called the second 

one of the n-th pair of tie-braces, the following values.* 

4 2> 
indiBation of i>i7 to the horizontal = tang % = -^. (^ — 2 ti — 2) 

Inciination of JSIIto the yertical = tajuj = ^ -^ > ^*.^ ^^ — ::; r 

.uiuiuAuuii ui. z*^ w uii» Ywruiwu w«y u 2 D [i\r* — (i\r- 2 » -f. 1) f 

Beaction of the support at P, 

^= 2W ^• 

Btressonigg^^= <^-">f^--"^^>r ^-' ';\ , 1^,(186) 

'BABTUiL Load on the XJppbb Chord. — If each of the joints from D to« 
A are loaded with a weight J9, we may readily find that the stress on J^^is 

(jy^-n)« r 4»«-l T p 
2Jf L4niy-4n«-ljawfl 

■ad the same form of expression is true for DS, but the eosBia not the same 
for the two tie-tnaoes. 
This expression may be put under the form 

__ r(ir-n)n _ (jr-n)(JV^-2n) 1 p 
I 2 If 4 (iy-»)n- 1 Jftwo 

an examination of which shows that the tie-braces are strained more when 
the short segment is loaded than when the long one is loaded. 

159. — STRAINS ON THK UPPER CHORD — FOUND BT 

HOMEnrrs. — The strains on the upper chord may be found by 
solving Equations (180), observing to have the proper value 
in the second member of the first of those equations for the 
particular case. It is correct now for a certain partial load ; 
but if the load extends throughout, whether uniform or not^ 
the Equation becomes 

On sin i + Fco8 6 = V — Sp. 

* See J<mr. Frank. Inat.. YoL XLVn., 8d Series, 1864, p. 228. 
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But it ifl generally preferable to find the value of c^ directly 
bj moments. Thus, in Fig. 103, to find the stress on o5, if that 
bay be severed, and the diagonals are ties, the truss would fail 
by turning about the joint 3. Take 3 as the origin of moments, 
and let fall a perpendicular from 3 on to d^y and call its length 
Af = hco8 i (A being the depth o 3). Then, by thq principle 
of moments, we have 

c^ X A' = F X ^3 -jp, X (3 - 1) -^, X (3 -2) 
in which j?j is the load at 1, and^, the load at 2. 

liSS. A GBNSRAIi PROBIiBM. — ^RbQUIRED THB FOBM OF 

THB IJFPEB OHOBD SO THAT THE STRAINS ON IT SHALL BE UNIFOSBC 
THBOUGHOUT FOB A UNIFOEM LOAD EXTENDINa OVEB THE SPAN. 

We have seen, when the chords are horizontal, that the great- 
est sti'ess is at the middle of the span, and when the lower 
chord is horizontal and the upper chord is a parabolic arch that 
the strains are greatest near the ends. May there not be some 
form such that the strains shall be uniform throughout ? * 
Let L = AB = the length of the span ; 

d = OP = the lever arm of the stress on any bay of 

the upper chord; 
d^ = CE = the value of d at the centre ; 
N = the number of bays in the span ; 
I = the length of each bay. 
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n = the number of the bay counting from either end ; 
m = the number of the central bay (i^if JTis even); 

= the compression on the upper chord ; 
p = the load at each joint. 

Solution by Moments,'' by W. 0. WilHts, dasB of 1970, Unk. qfUiA. 
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Lot the bay OH be severed, — take the origin of momenta at 
O^ and we have 

orf = i (iT- l)i> n i - i (n - 1) i nj> 
= i \N — n) np I 
For the middle of the span, this Equation becomes 

(3rfj = \ (iT— rrC) mp I 
Eliminating o and solving gives 

^=7^-^ (1«^ 

Assnme ^ ^j, and L ; hence 2 becomes known, find the 
snccessive values of d in Eq. (ISY). Then oonstmct the poly- 
gon as foUowB. Divide the span AB^ Fig. 105, into parts each 
equal to 2. Begin at the middle C^ and erect a perpendicular 
equal to d^. Let the diagonals be braces ; then will EKhe in 
action and ^J^will be parallel to AB. Erect the vertical KF, 
and draw FO. With (? as a centre, and a radius OP equal to 
the computed value of d (which in this case is for 9» = 4 Eq. 
(187,) describe an arc GP ; and through F draw a tangent to 
said arc, and limit it by a vertical through O. Draw the brace 
OB and proceed as before to L The stress on IB may not be 
the same as from Zto F, 

In this case the strains on the lower chord will be greater 
near the ends than at the middle. Query. — Can the parts be 
so arranged that the strains on upper and lower chords shall 
both be uniform throughout ? Can this be done when one is 
horizontal ? 
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1S4. — BOTH OHOHB8 cummBD. — ^If both chords are curved 



J 


\ . 




r 


K 


X >l 




3 






X 


^ 


\ 


fo 


^ 


A 




^ 


"^ 


' ^(^^ 




f 










Fio. 


106. 









B 



upwards, aa in Fig. 106, we may find the stresses npon the 
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chords bj the principle of moments ; thna, the stress on the 
hay oi may be found by taking the origin of moments at a. 
Draw ae perpendicular to the direction of dc^ and we have 

{flx being the horizontal distance of a from F, and Xpx a gene- 
ral expression for the moment of all the load between a and B). 
In a similar way find the stress on od = c^. Then in Equation 
(181) substitute V — S j> if necessary ior V. After this 
change is made Equation (181) will give the stress on the diago- 
nals, by substituting the proper values for and i. 

In this way almost any simple truss may be solved, but it is 
not easy to give general formulas which will facilitate the 
solution. 



CHAPTER V. 

COMPOUND STRUCTDREa 

Itltl. — mBiSARK. — By a compound stmcture I mean tihe 
combination of two or more simple structures. The Bollman 
Tru88| as usually made, Figs. 47 and 48, is a compound struc- 
|;iire. The main system is a succession of king-posts, but the second- 
ary system is a panel structure. The more common compound 
systems are made by combining a simple arch with some form of 
trussing. The compound systems do not admit of as thorough 
and exact analysis as the simple systems, for they act on differ- 
ent principles, and it is impossible to tell just how much each 
sustains. The more noted ones are wooden structures, and 
as the material yields in one system it throws the strain upon 
the other, and thus there is a constant tendency to equilibrium. 
Such systems are usually made excessively strong, so that one acts 
as a safeguard to the other. The wooden structures that have 
been made on this plan are doubtless much stiffer than if all the 
material were put into either of the simple systems. As the arch 
plays an important part in these structures, I will here briefly 
state that if the arch is so made or held that it will not distort, 
we may find the crushing force at the crown by the f ormula^ 

^ = S w 



Fig. 107. 



in which Z = the span = 2 AB ; 

D = the versed-sine = CB ; 
W = the load on the span ; and 
H = the thrust at the crown. 
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This formula is only true if the arch receives its thrust at the 
abutment, hat if it ie Bopported at its ends it becomes simpler 
a curved beam, and there will he both tension and compresBion 
at C. As these arches are nanally very flat, the compression at 
the ends will rarely exceed more than 10 per cent, above that at 
the crown. 

1 96. — BCBB TR VS8. — The Burr Trass, Fig. 108, is a wooden 
Btructure and was in very common use in some parts oE the 
chantry not many years since. The arrangement is so evident 




f ntm the figure that a special description is deemed nnnecessary. 
It appears that ihe arch was relied npon to resist the strains 
which wonld, in the panel system, fall npon the counter-braces. 

1S7. — SBCOTCD EXAIIIP1.K. — Fig. 109 is another example 
<A a compound structnre which is composed of a Howe Troaa 



193 



TBBATISB ON BBIDGES. 



and a simple arcli. It is evident from the remarks previonsly 
made, that there is an unnecessary number of counter-braces. 
The arch is usually secured to the truss by bolts, where the 
members cross each other. 

158. — THIRD KXAMPI.K. — ^Fig. 110 is auothcr example 
of a compound structure. In this the truss is, in a measure, sus- 
pended from the arch by suspension rods. There are no coun- 
ter-braces. Instead of counter-braces in the panels, there are 
iron ties, which incline the same way as^ the braces, and hence 
serve as counter-braces when necessary. It is very doubtful if 




Fig. 110. 

any are needed near the ends. When either end half of the 
arch is loaded the other half tends to thrust upward, which ten- 
dency should be resisted by the truss ; hence the necessity of 
counter-braces, or counter-ties near the middle ; but near the 
ends the weight of the truss and arch would probably be suflS- 
cient to overcome any such tendency. On this point see the dis- 
cussion on counter-braces. 

Numerous other forms might be given, but these will answer 
to illustrate the topic. 

To analyze these structures, ascertain the load which the arch 
will cany, and then the load which the truss will carry, and add 
the results. The margin of safety for both combined should 
considerably exceed that which would be allowed if either, act- 
ing separately, carried the whole load, for reasons previously 
given. 
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ISO* — A ROOF, in common language, is the covering over a 
jBtructure, the chief object of which is to protect the building 
agniuBt the effects of snow and rain. It is composed of boards^ 
Bhingles, slate, mastic, or other suitable materials. 




Fig. 111. 

The inclined pieces AC^ and BC^ Fig. Ill, which support 
the roof are called raftkks. When the roof is light, the roof 
boards DE are placed directly upon the rafters, but when the 
rafters are far apart, say more than four feet, small pieces a^ 
J, Cy and c?, called pcbiiInes,* are placed across Ihe rafters for 
the purpose of receiving the roof proper. AB is a tie,, and F 
and O represent the ends of posts. The frame ABC is called 
^roofi/rusB. 

lAO. — ROOF TRUSSBS havc a great variety of forms, and 
differ greatly in the details of their construction. All the 
trasses which have been discussed in the preceding pages are 

* Purline heam» are 8ometiines placed under the zaften. 
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suitable for this purpose in many cases. Some other forms are 
given in the following pages. 

161. — GBNKBAi. BATA. — ^A roof tniss is required to carry 
its own weight, the weight of the purlines, the weight of the 
roof above them, the force of the wind, the weight of snow 
when there is any, and in some cases certain local or concen- 
trated loads, such as floors, machinery, and the like, which are 
suspended from the roof trusses. 

163. — ^DBSCBIPTION OF TBM ROOF OTKB THB IiAIiGB 

HAi.i« OF THB inviTBRSiTY OF MICHIGAN, — The roof over 
the large hall of the University of Michigan contains some 
novel features, and in some respects is a bold design. The out- 
line and arrangement of the parts, including the dome, were 
designed by the architect,* but the details of the large trusses 
were arranged and proportioned by the author, and erected 
under his superintendence ; hence they possess a peculiar inter- 
est to him. It is here presented as a practical problem. 

The frontispiece shows a vertical section from east to west 
of the dome and roof, through the centre of the dome, except- 
ing that the truss is shown as if it was between the eye and the 
dome. The west end apparently rests directly upon the col- 
imms which support the roof, but in reality nearly the whole 
dome rests upon the trusses. A skeleton of the elevation and 
plan of the truss is shown in Fig. 112, and a plan of the roof in 
Fig. 113. These Figs, are not drawn to the same scale. 



^Elevation 




Flan 




Fig. 112. 



^ The New XJniyersitj HaU yms designed by Mr. E» S. Jenison, a stadeot €< 
fhe mthor, olasB of 1808, Urwo. of MM. 
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The width ajy, Fig. 113, over which the trusses are placed, is 
80 feet, and the length vyy is 128 feet 10 inches. There are two 
trusses, each like that shown in Fig. 112, placed across the 
space, one at AB^ and the other at A'B\ the distance between 
them from centre to centre, being 34 feet. Side trusses, of the 
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Fig. 118. 



Kiiig-Post style, extend from the main trusses to the end walls, 
and are marked C, C, C^ in Fig. 113. These are for carrying 
that portion of the roof which is between the main trusses and 
the end walls. Trusses of a similar style C'^ 0\ C\ were 
placed between the main trusses. 
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The dome is built around and secured in place by eight long 
posts, twelve inches square, made of joists which are two inches 
thick by twelve inches wide, breaking joints, and firmly bolted 
together. The lower ends of these posts rest upon and are 
secured to trusses at P, P, P, Fig. 118. Four of these are 
secured directly to the main trusses, and the other four to cross 
trusses. The cix)8s truss under the right hand (or east) side of 
the dome is 33 feet from the west end of the main truss. The 
posts all meet each other at a common point near the upper 
end of the dome, as shown in the frontispiece, and are firmly 
secured to each other ; hence, they may be considered as form- 
ing the edges of a regular octagonal pyramid. The height of 
the dome above the lower side of the main trusses is seventy 
feet, and the base covers about 50 feet square on the main roof. 

Purlines, which were two inches thick by twelve inches deep, 
were placed upon the cross (or side) trusses C, 6', 6^, C\ and the 
whole was covered with a continuous fiat roof, having a pitch of 
one-half of an inch to the foot, thus forming a large base — 120 
by 128 feet, including the roof in the rear of the main hall 
— ^for resisting the force of the wind on the dome. All the 
trusses — ^the main and cross trusses — extend downward into the 
roof, and were made use of for dividing the ceiling into panels. 
"The panels were over four feet deep and extended from the 
walls to the main truss on the sides, and from one main truss to 
the other in the middle, the panels under the main trusses 
crossing the others at right angles. The position of dy Fig. 113, 
was determined by the size of the base of the dome. The side 
truss at b is midway between A and d^ and those at J^ and h 
divide the space dB into three equal parts. 

The main rafters AG and Clff, Fig. 112, are solid pieces 
of pine, fourteen inches wide and sixteen inches dwep. The 
upper part of the rafter CB is above the roof and cased in. 
The truss A CB is called the primary truss. The rafters 
of the SBCONDART TRUSS are formed of several pieces, each 
one of which extends between two consecutive joints, — as Aj^jkj 
M, mn, etc. These are bolted to the main rafters. The pieces 
Jb, kc, lJ)j Dm, etc., are braces of the secondary truss. 

The tie AB is common both to the main and secondary 
trusses. It is composed of fiat bars (or links) of iron, of uniform 
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thickn^s and of different depths, depending npon the amonnt 
of stress to which they are subjected. They are enlarged at the 
end, and have an eye for receiving a pin, as 
shown in Fig. 113a. Four of these are <r 
placed side by side, and arranged as shown l 




O O O 



Fig. 114a. 



in the plan in Fig. 112. Cast-iron blocks ^iq. 113a. 

rest against the pins for receiving the end 
of the braces of the. secondaiy trusses. At each end of 
the trusses at ul.and B is a large cast-iron block, which 
weighs 680 lbs. . These are for receiving the pressure of 
the main and secondary rafters. The bars of the main tie 
pass through two slots in these pieces, and are secured on the 
outside of the blocks by a large pin 3^ inches in diameter. 

The vertical members aj, bk, etc., are iron ties, the lower ends 
of which pass through holes in a cast-iron block, Fig. 114a, and 
secured by nuts on the under side. This block is placed below 
the large tie. The upper ends are secured in a similai- way. 
In some cases there are two and in other cases 
three ties, which are represented in Fig. 112 by 
a single line, tlie number and position of which 
will be given hereafter. As a general thing, one 
or two rods, as the case might be, was used for supporting the 
load which was placed at a joint, and the other rod at that joint 
was used for supporting the transmitted pressures, although 
this was not always the case. The conditions will be fully 
shown in the following analysis. 

1 03. TUm LOAD ON THB FLAT PART OF THB ROOF. 

It is not supposed that all the data which are given below are 
applicable to all cases, or even that there are no questions in 
regard to tJieir correctness. They are presented as they were 
used at the time, and are open for discussion. It was 
intended, however, to be on the safe side in all cases, and it is 
advisable, in a case like this, whei'e the ceiling is secured 
directly to the roof, and the roof acted upon by a large dome 
under the varying pressures of the wind, to be largely on the 
safe side, so as to avoid as far as possible breaks and cracks in 
the ceiling. 

I supposed that the several loads were reduced to an 
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equivalent load of pine uniformly difitributed over the whole 
roof. . 

Inches thick \ 
of pine. 

Felt and mastic roof = 1 . 50* 

Koof boards = 1.00 

Koof joists (2'' X 12'', - 16" apart) = 1.50 

Lath joists (2" x 6", - 16" apart) = 0.75 

Panel-work in the ceiling = 0.75 

Side truss, tie-rods, etc = 2.00 

Plaster, including panels, cornices, etc = 3.00 

Weight of snow and pressure of the wind = 6.00 

Total 16.50 

The weight of four specimens of pine, taken at random, were, 

1st specimen 32 lbs. per cubic foot. 
2d specimen 40 lbs. per cubic foot. 
3d specimen 30 lbs. per cubic foot. 
4th specimen 45 lbs. per cubic foot. 

Total 147 lbs. 

Average 37 lbs. per cubic foot. 

Two of the specimens appeared to be quite thoroughly 
seasoned, and the other two only partially so. I assumed 37 lbs. 
as the weight per cubic foot of the material, which must have 
been on the safe side. This gives, according to the preceding 
data (16^ x 37 -h 12 =), 54 lbs. (nearly) for the load upon a 
square foot of the roof. 

Francis, in his book on " Iron Columns," p. 19, says that 
flat roofs loaded with snow are liable to weigh 50 lbs. per 
square foot ; and Trautwine, in his " Engineer's Pocket-Book,'' 
p. 301, says, that when the roof is plastered below, the weight 
may be 46 lbs. per square foot, including the weight of the 
snow and pressure of the wind. As these authors could not have 
had in mind such heavy panel-work in the ceiling as exists in 

* This was the estimate of the roofer, but I now think it should have been 
2^ to 3 inches. Within two years after the erection of the baUding, the mastio 
was removed, and the roof was covered with tin. 
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fluB case, and as I wished to keep decidedly on the safe side, 
I adhered to the above result of 54 lbs. 

This gives for the weight of the roof, including snow, etc., 
and excluding the weight of the dome, and the space occupied 
by the dome, 600,000 lbs., and for the weight when the 
timber is thoroughly seasoned (called 28 lbs. per cubic foot) and 
exclusive of the weight of the snow, 193,000 lbs. 

The weight of snow and the pressure of wind are deserving 
of special notice. 

164:« — KHs ivEioHT OF SNOUT, — ^Freshly fallen snow 
weighs from five to twelve lbs. per cubic foot, although 
snow which is saturated with water weighs much more. Very 
wet snow rarely falls to a very great depth, especially in the 
southern part of Michigan. Some say that snow is equivalent 
to from tV *^ i of its depth in water, while others say that it 
may be equivalent to i its depth of water. 

European engineers consider that six lbs. per square foot 
is sufficient for snow, and eight lbs. for the pressure of the 
wind, making fourteen lbs. for both. Trautwine says 
that not less than twenty lbs. should be allowed in the 
United States. 

As the roof in the case which we are considering is flat, a 
large quantity of snow may rest upon it, but the pressure of 
the wind upon it will probably be small. 

Snow in the vicinity of Ann Arbor is rarely three feet deep 
on the ground, but because it is sometimes that depth, or of an 
equivalent depth of heavy snow, the load due to its weight 
must be provided for. Calling the snow equivalent to 3^ 
inches deep of water, and we find that it equals 6 inches nearly 
of partly seasoned pine — which is 18^ lbs. per square foot 
— ^a value somewhat under that assumed by Mr. Trautwine, 
but which I consider quite large enough in this case. Before 
so much snow can fall upon the roof, all the timbers in it will 
be lighter from seasoning than that assumed above, so that the 
entire roof will be lighter than that which we have assumed. 

16S. — TSB FORCB OF THB DTiND. — The prcssurc of the 
wind upon the dome is of special importance in considering its 
stability and in proportioning the trusses. According to Mr. 
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Smeaton, the prefisnre of the wind directly against aflat snrfaoe 
in a harricane may be 32 lbs. per square foot. Tredgold 
reoommends the use of 40 lbs. per square foot A gauge in 
Girard College broke under a strain of 42 lbs. per square foot, 
whilst a tornado was passing near by. During the severest 
gale on record at liyerpool, England, there was a pressure 
of 42 Ibfi. per square foot directly upon a flat surface. 
Poring a very violent gale in Scotland, a wind-gauge once indi- 
cated 45 lbs. per square foot. Buildings which are more or 
less protected will not be subjected to such pressures. 

Although there are high winds at Ann Arbor, yet no such 
gales as those mentioned above have ever been known there ; 
at least I judge so from the fact that comparatively little 
damage has been done by high winds. But if such winds do 
occur it will be safe to assume less than 40 lbs. per square foot 
on account of the oval shape of the dome ; — ^and also because 
materials will sustain a high strain for a short time without 
apparent damage. K, therefore, we should proportion the 
parts for 25 lbs. pressure, they would doubtless sustain 50 lbs. 
without damaging them ; and to avoid much deflection in the 
trusses in case of a strong wind it is not advisable to use a 
smaller value. I therefore used 25 lbs. per square foot upon 
a meridian section of the dome. 

The cylindrical part of the base of the dome is about 34 feet 
in diameter, and the total height above the angle of the truss is 
about 65 feet To get the force of the wind I called the 
average diameter 22 feet, and 60 feet high. This gives a pres- 
sure of 33,000 lbs. 

The centre of pressure is about 30 or 32 feet above the fast- 
enings of the lower ends of the posts of the dome, and hence 
the pressure on the feet of the posts due to the pressure of the 
wind will nearly equal the pressure of the wind upon the sur- 
face of the dome. The wind may blow from any direction. 
When it is directly in the north or south it will tend to throw 
the dome directly upon one or the other of the laige trusses, 
and I assumed that each of the two posts which rest on the 
truss would carry 15,000 lbs. due to the pressure of the wind ; 
and when the wind is in the east or west it may cause the same 
pressure on the posts on the opposite sida 
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But to be completely on the safe side in proportioning the 
main trusses, I assumed that, when the wind is in the north- 
west, or south-west, the whole of the 30,000 lbs. would be thrown 
directly upon the angle of the large truss. This being done, it 
is unnecessary to consider the transmitted strain of 15,000 lbs. 
which is thrown upon the other points when the wind is in other 
directions, as will be noticed in the analysis. 

166.— WEIGHT OF THK DOMB. — As it was difficult to 
determine the exact weight of the dome from the drawings, I 
made a rough estimate of it by assuming that it was equiva- 
lent to a hollow cylinder whose mean diameter was 24 feet, 
height 80 feet, and whose thickness was six inches of solid pine. 
This gave a weight of 112,000 lbs. The architect computed 
from a bill of materials that it would weigh 96,000 lbs., but I 
do not know what he used for the weight of pine. A review 
since its erection gave 107,000 lbs., at 37 lbs. per cubic foot. 

There were eight supports, as before described, each of which 
I assumed would sustain one-eighth of the load, or 14,000 lbs. 
each. In reality these posts did not sustain this amount, for a 
large portion of the dome rested directly upon the large trussesj 
but the computation would be essentially the same, excepting 
that in the latter case it would make the strain upon some of 
the vertical tie-rods less than that found by the following com- 
putation. 

167. — WEIGHT OF THK MAIN TRUSSES. — Fromthc bill of 
materials I found that the large trusses would weigh 17,800 lbs. 
each ; and hence at each of the joints a, ft, c, etc.. Fig. 112, the 
weight will be 1,780 lbs., assuming that the load is uniformly 
distributed and that each joint carries one-tenth of it. 

168. — iTBioHT OF CROSS TRUSS. — There was a truss be- 
tween the two large trusses at Z>, to keep them erect, the weight 
of which is 3,600 lbs., or 1,800 lbs. on each truss. 

169. — RESULTS coiiiiECTER. — ^At a. Fig. 112, the load is 
one-eighth of the weight of the dome, or 14,000 lbs. ; the pres- 
sure due to the wind, or 15,000 Ihs. ; j[>lu8 one-tenth of the 
weight of the truss, or 1,800 lbs. 
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At b the load is one-half the weight on the side truss due to 
the weight of the roof, or 11,780 lbs. ; phis that due to the 
weight of the snow, or 6,150 lbs. ; pltcs one-tenth of the weight of 
the large truss, or 1,800 lbs. ; which together equals 19,730 lbs. 

At D the load is one-half the load on one side truss, j>lti8 
one-half that on the cross truss C (which supports one-half the 
load between C d and C* f\ or 12,690 lbs. ; plu% the load due to 
snow, or 7,880 lbs. ; plus one-tenth of the weight of the truss, 
or 1,800 lbs. ; plus one-eighth of the weight of the dome, or 
14,000 lbs. ; plus the pressure due to the wind, or 30,000 lbs. ; 
plus one-half the weight of the cross truss, or 1,800 lbs. 

Similarly, we find the loads on e^f^ g, etc. These results are 
brought together in the following tabular forjn : — 

Weights in lis. due to the several loads on the several joints. 
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1,800 


27,000 

14,000 

9,000 


Tmas 


Dome 


44,000 
80,000 

2,000 


Fteegore due i 

to Mrind ) 

Weight ofi 

GXOBB trass ) 


TotaU 


80,800 


19,780 


80,800 


68,170 


1,800 


29,700 


1,800 


29,700 
900 




126,000 


















80,600 







The load at i being small, the brace hq was omitted, and in 
the analysis the load at h was called 29,700 + 900 = 30,600 lbs. 

The load on the support at A was used for determining the 
dimensions of the column which supported one end of the 
main truss. 

170, — ANAI.YSI8. — We have the following dimensions: — 
AB = 80 feet ; 
CD = 16 feet; 

JSi = 7 feet 10 inches = ih =^ hg = gf=fe = el)\ 
a A = 8 feet ; 

ab = S feet 6 inches z= bo = cD j 
AJD = 33 feet, and 
DB = 47 feet 
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By means of these quantities we can find the lengths of the 
verticals and of the inclined braces, and the angles which they 
make with each other. In regard to the latter a practical diffi- 
culty presents itself. For the timbers having finite dimensions 
it is found practically impossible to put them in place and give 
them the proper bearing, and at the same time secure the same 
inclination that we would have if the parts we^e reduced to 
mathematical lines. 

In this case, if the centre lines of the main rafters A C and 
BG are prolonged, they will meet the line of the main tie 
several feet outside of the points of support, and the question 
arises whether we shall use the angles as they exist in the struc- 
ture, or rely upon the dimensions above given. Neither will 
be exactly correct, but it will be nearer correct to use the for- 
mer than the latter. I have therefore determined the several 
angles of inclination with the vertical from a scale drawing, and 
used the secants and tangents to the nearest tenth. 

If the load at a is 30,800 lbs., see Article 169, we may 
assume that it is supported by the secondary truss Ajh^ and 
hence, according to Article 46, we have 

Btress on aj = 30,800 lbs. / 
stress on Aj = ^ of 30,800 Jhs. x sec ajA ; 
stress onbj = ^ of 30,800 Ihs, x sec ajb / 
stress onAb = i oi 30,800 lbs. x tang ajb. 

The vertical pressure at J is i of 30,800 lbs., plus the load 
placed at b, or 19,730 lbs. ; hence the total vertical pressure at 
5 is 35,130 lbs. We may assume that this is carried by the 
secondary king-post truss Akc ; and hence we have 

sl/ress on bk = 35,130 lbs, ; 
si/ress on Ak = ^ of 35,130 lbs. x sec AM> ; 
stress on ck = f of 35,130 lis, x sec bhc ; 
stress onAc =^ ^ oi 35,130 lbs, x tang bhA; or 
si/ress onAc = i of 35,130 lbs, x ta/ng bhc. 

Similarly, the vertical pressure at c is f of 35,130 lbs. plus 
the load, 30,800 lbs. at c ; hence, the total load is 54,220 lbs. 
This is supported by the secondary truss AW, Hence, we 
have 
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Stress ond = 54,220 Us, ; 

stress onAl = J of 54,220 Ihs. x sec dA ; 

stress onDl = f of 54,220 Vbs, x sec dD ; 

stress on AD = f of 54,220 Ws. x tang dD, 
Hence the reaction at D of the truss AID is f of 54,220 lbs. 
^ 40,665 lbs. This may be proved by finding the reaction 
directly, thus : — 

Stress a^ i> = i of the load at a + f that at J -f- 

f that at c ; or 
= i of 30,800 lbs. + f of 19,730 lbs. 

+ f of 30,800 lbs. ; 
= 40,665 lbs., as before. 

Proceed in a similar way with the secondary trussing be- 
tween D and B^ and we finally find that the point D sustains 
84,400 lbs. of the load on DB. 

The total vertical stress at D is that which is transmitted to 
D through ID from the left (40,665 VQ%^\plu8 that transmitted 
to D through tyiD from the right (32,400) ; "plus the load which 
is directly applied at D (68,170) ; or 141,235 lbs. But we may 
deduct from this all that part of the 15,000 lbs. which is 
applied at a and (?, due to the pressure of the wind ; for these 
pressures cannot exist at the same time that the 30,000 lbs. 
does, which is supposed to be applied at D. Hence we may 
deduct \ of 15,000 lbs. + f of 15,000 lbs., or 15,000 lbs. This 
leaves for the effective vertical pressure at 2>, 126,235 lbs. 
This is supported by the main truss A CB. Hence, we have 
(omitting all below 100 lbs.), 

stress onDO = 126,200 lbs, ; 
stress onAC — ^oi 126 200 IJbs, x sec DC A ; 
stress onBC — \%oi. 126,200 Xbs, x sec DOB ; 
stress on AB = ff of 126,200 IJbs. x tang DOB. 

Where two or more stresses are common to a single piece, 
the resultant stress is the sum of all the partial stresses. Thus 
the total stress on Aby for instance, is the stress on ah of the 
truss Ajb ; plus the stress on Ac of the truss Ahc ; plus the 
stress OTi. AD due to the truss A OB, 

Sijuilarly, the total stress on Aj equals the stress on Aj of the 
truss Ajb J plus the stress on AJc of the truss Akc + etc. 



BOOF OF 3SB TJSmCBSm HAUL. 



905 



» 

As a check upon the work, we have the total stress on AJ 
equal to the total reaction on the support A multiplied by the 
cecant of ACD ; which should equal the sum of all the 
partial stresses. 

(Note. — This check would be exact for a skeleton or line truss, but we do 
not expect it to be exactly true in this case, where the angles are not deter- 
mined from the dime&sions of the trass. ) 

In ordinary cases it would probably be thought advisable to 
use 600 or 800 lbs. per square inch for the safe resistance to 
crushing of pine ; but as the maximum load which we have 
assumed — that due to green lumber, green mortar, a deep snow, 
and a hurricane, all applied at the same time — will probably 
never exist, we may safely assume 1,000 lbs. ; for it probably 
might be strained to double this amount for a short time with- 
out endangering its strength. This is the value which, we 
have used. The iron will safely resist 12,000 lbs. per square 
inch. It was all tested to 15,000 lbs. Using these values, and 
we have the following numerical results. All strains less than 
100 lbs. are omitted in the final result. The number and size 
of the pieces which were used to resist the strain are also given. 

VERTICAL TIE RODS. 



Name of the Piece. 
Fieoee. 

OO 

hk 

d 

BG 

em 

fn 

Qo 

^ 



Tntal T^iQiu) 


Suspended 


Transmitted 


No. of Iron 




Load. 


StresR. 


rods. 


Lbs. 


Lbs. 


Lbs. 




30,800 


30,800 


• • 




35,100 


j 19,700 


15,400 




64,200 


j 30,800 


23,400 




126,265 


j 68,200 


58,000 


2 
2 


38,900 


( 1,800 


87,100 [ 


2 


46,300 


29,700 


16,*600 


2 
1 


22,200 


( 1,800 


20,400 [ 


1 


30,600 


30,600 


• • 


2 



Diameter of 
each rod. 

Inches. 

1* 
u 
1* 
li 
1* 
1* 

1* 

H 
H 

1* 

1* 
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THE HORIZONTAL TIB. 



Kameof tii0 Fleoe. 



at2>. 
eD.. 



bo. 



M. 



De. 



fg^ 






Yertloal Componenta 
of the Forces which 
Prodnoe Tension. 



li of 126,200 
\l of 126,200 

n of 126,200 
f of 54,200 

35,100 
the stress 






2% 



I 



III 
1^ 






1 



( fof 
•< plus 1 
( on cD 



\ 



( iof 80,800 
•< jiiM the stress 
( on ^ 

H of 126,200 
i of 1,800 

( fof 46,300 
•j j}^ the stress 

( fof 22,220 

\ ^us the stress 
(on^ 

( fof 20,600 
< phM the stress 
( onfg 

M = %B 



X 2.4 
X 2.6 



Bcfloltent 
Tension. 



x2.4 

X 



2.4) 
0.7^ 

X 1.1 



= 177,900 
= 176,000* 



X 2.4 



x0.6| 
X 0.8 



X 1.0 



X 1.3 



V- 



206,400 
233,100 

269,000 
185,900 
215,500 

232,200 

250,100 



i 



Is 



4 
4 

4 

4 
4 



4 
4 



IS 



I 



^a 



u 

H 



2 



4i 

4 
41 

6* 



* The difluenoe in the two leaoItB k diioaided. 
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WOODEN PIECES. 



I 

IS 



Bc'.'.'.'.'. .'.".".*.'!!'.!!!!!! Ho' i36,s«5 



Jh.. 



i of 64,200 


X 3.6 


iol 35,130, 
pfiMthsBtraBi 


X 3.6 


4 of 80,800, 

piu* the stress 
on ^4 
i of 38,800 


X 2.6 


X 3-5 


1 of 38,800 1 
J of 46,350 f 


X 88 


} of 22,S30, 


X 3.5 


i of 80,000, 

pdMtheBtrCBi 
oa op 


X 8.5 


i of 80,600 


X 1.7 


i of S3,S00 


X 1.4 


i of 46,850 


X 1.8 


S of 38,880 


X 1.3 


* of 54,320 


X 1.3 


J of 85,130 


X 1.6 


i of 80.800 


X a.4 



55,100 
74,500 
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Many of the wooden pieces were such as the carpenter had in 
"stock," and are larger than is necessary, as is shown by a 
comparison of the strains and size of the pieces. It was 
assumed, however, that the pieces would not bend. The dimen- 
sions of the iron pieces in the large tie were changed very 
slightly from those given by the analysis. 

ChecJcs upon the computation, — ^The reaction at -4, omitting 

the 15,000 lbs. at each of the points a and c, which is due to the 

force of the wind, will be 

15,800 X 71| + 19,730 x 63^ + 15,800 x 55| + 68,170 x 474- 

80 

1,800 X 39^- + 29,700 x Slj + 1,800 x 231 + 30,600 x ISj 

80 
= 99,800 lbs. 

The 30,000 lbs. omitted above was included in the preceding 
analysis, in such a way as to be equivalent to f of 15,000 lbs. sup- 
ported at Ay plus i of 15,000 lbs. supported at the same point, 
or 15,000 lbs. in all. Adding this to the preceding value, and 
we have 114,800 lbs. This multiplied by the secant of the 
inclination, 2.6, gives 298,480 lbs. for the total stress on Aj. 
By the preceding analysis we have the total stress on 

Aj = 105,700 + 192,700 = 298,400 lbs., 

which is the same as the preceding to within 100 lbs., which 
difference results from dropping small quantities, and which 
is of no importance in comparison with the total stress. 
Similarly, the stress on Ab will be 

114,800 x 2.4 = 275,520. 

But from the preceding analysis we find that the stress is 
269,100. This shows a diflFerence of 6,400 lbs., which would 
make a difference of only one-half of a square inch of iron in 
the tie. But the latter result is doubtless nearer correct than 
the former, for it is dependent upon the inclination of the small 
braces (as well as the main rafter), and the former were mea- 
sured as they exist. 

171. — cAifiBRs: OF THB I.ARGB TRUssKS. — From the 
time that the trusses are erected, to the time of the completion of 
the roof and dome, tliey will continue to settle. The causes of 
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the settUng are the increase of load and the elasticity of the 
material. The point of greatest deflection will evidently be at 
the joint J9, directly under the angle CI After they are erect- 
ed tiiey will change their deflection from time to time, as the 
load due to the pressure of the wind and weight of snow 
changes. It is desirable to make such a cambre in the lower 
chord as that it shall never fall below a horizontal. We will 
therefore assume that the change of deflection from what it was 
when first erected, is that due to the total load, as given in 
Article 169. 

The deflection will be the result of three causes, each of 
which may be considered independently. 

Ist, That due to the direct elongation of DC^ which is caused 
by the stress on the vertical ties at DC^ while DB and CB are 
supposed to remain constant. 

2d, That due to the compression of CB^ whilst CD and DB 
remain constant. 

3d, That due to the elongation of DB^ whilst i)(7and CB 
remain constant. 

The triangle -4. J9 67 may be considered, instead of CBDjOr 
the computations on one may be used as a check on the other, 
but as the dimensions of the two do not differ largely, the 
results will not differ much. 

1st, The elongation of DC \% caused by the application 
of 68,000 lbs. at 2>, plus a transmitted stress of 58,000 
pounds, or a total of 126,000 lbs. The length of each of 
the four tie rods is 16 feet, and their diameter is 1^ inch, and 
hence the cross section of each is 2.76 square inches. The for- 
mula for the elongation is 

EK 
OaUing E = 28,000,000 lbs. and the formula becomes 
. 126,000 X 12 X 16 n MO t ' X, 

2d, 2^ deflection d/ue to the convpression of BCmsij be 
supposed, without sensible error, to follow the same law as the 
differentials of the quantities. Hence, by differentiatii^ the 
expression 
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CSr = Cir + Biy,.... (a) 

eooffldering BD as oonstant, we have 

CBd{CB)= CDd(,OIf) (J) 

The length of CB = >f BE^ + Clf = 50 feet, neariy. 

;i(na\ P^ 182,000x12x60 ^ook* • u 

^ (^^ = 2:r= i;6oorooo^i4ii-r6= ^•^^**'* *" "^'^^^ 

Hence, from £q. (&), we have 

,,r,n\ CBdifiB) 12x50x0.325 - ^^- . , 
d {CD) = -fjj)-^= 12-^-ig = 1.015 inch. 

3d, The deflection due to the elongation of DB is fonnd in a 
similar way, by differentiating Eq. (a), considering CB as con- 
stant 

/. CDjd{CB) = ^ BBd{BB) ^c) 

The differential of BB is 

d {BD\ = X = -^ = 185,900x12x 47 

^ ^ EK 28,000,000 x 4 x li x 4 "" 

0.208 of an inch. 

Although the tie-rod is not of nnif orm size thronghont its 
length, yet if its section is proportional to the stress to which 
it is subjected at its several parts, the elongation dne to the 
several stresses will be the same as if we consider it uniform, 
and under the action of that stress which corresponds to that 
section. The negative value shows that CB is %hortefned by 
depressing C whilst BB is elongated^ but as 2> is depressed the 
same amount that C is, the result is essentially positive for oxir 
use. Eq. ((?) gives 

jjiriTY. 12x47x0.208 n^ii 4! • i. 

d iCB) = TTT :r?i = 0.611 of an mch. 

^ ^ 12 X 16 

Hence the total deflection due to all these causes is 

0.078 + 1.015 + 0.611 = 1.704 inches. 

This computation makes no allowance for imperfection in 
the joints. In the construction, the lower tie-rod had a deflec- 
tion downward of several inches, as can be seen from the fron- 
tispiece. (This can be tested on the figure by a straight-edge. 
But the false work which was made below this for supporting 
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the plaster cornice waa cambered upward about three inches. 
As die roof was constructed before this part of the work wa^ 
eompleted, it was probably enough to secure a permanent 
cambre after the dome was constructed, and all the joints had 
come fully to bearing. 

The change of cambre due to a severe wind of 25 lbs. per 
square foot cannot exceed that due to a load of 30,000 lbs, 

placed at 2>, and hence cannot exceed -i o/j n/^/) ^^ 1.704 = 

0.405 of an inch ; but usually it will not equal one-fourth of 
this amount. If the wind should blow directly from the west 
or east with a force of 25 lbs. per square foot, it will not 
exceed one-half the above amount, or 0.202 of an inch in each 
case ; or about 0.4 of an inch in both cases ; that is, in one case 
it will be below the normal position, and in the other above it. 
The change of (jambre will affect the perpendicularity of the 
dome ; and as the height of the dome is almost exactly twice 
the width of the space between the large trusses, the top of the 
dome will move twice the amount of the change of the cambre. 
The upper end should therefore be west of a vertical through 
the centre. When the wind is directly in the west, we have 
supposed that the pressure at the angle of the trusses due tp 
this cause cannot exceed 15,000 lbs. on each, and hence the 
deflection in this case due to all the causes will be less than 
1.704 inches ; and the top of the dome will be moved to the 
east, somewhat less than (2 x 1.704 = ) 8.408 inches. The 
investigation shows that the top of the dome should be made 
about 2 J inches west of the centre of the base of ihe dome. 



173* — IF THE BATS IN THS CBLORDS ARB E^lVAIi, aS 

shown in Figs. 114 and 115, the strains upon the several parts 
may be expressed by simple formulas. In Fig. 114 the vertical 
members of the secondary trussing are ties, and the inclined 
pieces are braces ; but in Fig. 115 the reverse is true, that is, 
the vertical members are struts and the inclined ones are ties. 
If the truss is composed entirely of iron, the form shown in 
Fig. 115 is preferable, because long pieces which are subjected 
to compression require proportionably more material than when 
subjected to tension (see Articles 21 and 22) ; and the {inclined 
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pieces in Fig. 114 are longer than the vertical ones in Fig. 115. 
But if the stmtB are made of wood and the ties of iron, the 
form shown in Fig. 114 will be more economical than that 
shown in Fig. 115. 




ANALTsn OF FIG. 114. — ^A slight inspection of the problem 
shows: — 

Ist, That the strains npon the lower tie will be the same 
•whether the load be npon the joints of the long tie, or npon the 
joints of the rafter, or npon both. 

2d, The strains npon the braces of the secondary trossing, or 
upon the segments of the long rafters, will be the same whether 
the load be at the upper or lower joints. 

3d, The strains upon the ties will be less when the load is 
upon the rafters than when it is upon the lower tie ; for when 
upon the lower tie, the strains due to the weights are trans- 
mitted directly through the ties to the upper joints ; but if the 
weights are at the upper joints they are supported directly by 
two unequally inclined rafters. 

At first neglect the force of the wind, and suppose that 
equal weights are placed at each of the joints (or nodes) in the 
rafter and long tie. 

Let N = the number of bays in the long tie AB ; 
I p = the load at each of the joints of the tie ; 

]p' = the load at each of the joints of the rafters ; 
n •=■ the number of the bay considered; 
Y = the reaction at -4 ; 
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<3^ = Hie compression on the n-th division of the rafter ; 

and 
tn = the tension upon the u-th bay of the tie. 

Stress on the main rafters. — Take any point, as J9, in the tie 
88 the origin of moments ; and from this point let fall a perpen- 
dicular on to the rafter AC. Suppose that a point x (not 
shown in the Fig.) is the foot of this perpendicular. If jChe 
severed, the system will turn about jD, and the moment of 
stress on^CwiU be (?» x Dx. 

We also have 

r=i{J!f-l)ip + p'); 

V X AD = the moment of T^in reference to 2?; 

{n — 1) (i> + i>0 = the load between A and 2>; 

i nl =^ lever arm of the preceding load ; 

in{n — l)l(jp + jp') = the moment of the load. 

.\Cn X Dx = Vnl — (7i — 1) {jp + p') inZ 

But the imaginary triangle ADx is similar to ADC^ and 
h^ice 

fd AC 
'Dx ~ CD 

••.c» = 4[jr-«](i>+j>')^ (187) 

AG 
In any practical case --p^= (j? + p') will be constant. Call it 

q. Then 

^n = i [^ - ^] J = i ^? - i ^ (188) 

This is a maximum for ti = 1, and decreases as n increases, 
hence the greatest stress on the main rafters is near the ends 
and least at the apex. 

Stress on the long tie^ AB. Call cD the w*-th bay, and ta;ke 
j as the origin of moments, and we have 

V y. Ac =y y^ (tj. — 1) Z = the moment of F; 
(n — 1) (j> + p') =.the load from A to and including jc\ 
i (n — 2) Z = the lever arm of the preceding load ; 
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i (n — 1) (w — 2) (j? +i>') I = the moment of the preceding 
load; and 
tn X Jk ^ the moment of the tension. 

.-. 4 = iFcif- 1)- (« - 2) J^!-^(i>+i>') 



But <^;U>i = ^ 
^0 DC 



<. = 4rir-n + i]^0,+y) 



(189) 



AD 

As before, let -^-rv (jP + i>') = ^ 

.-. ^i. = *[iV^— ^ + 1]^ (190) 

In this equation n must not be less than 2, for when ti = 2 
we find the stress on ah which is the same as that o\x A<^' ^^'^ 
stress decreases as n increases. 

Sir 688 on the Vertical Tie8. — The stress on the tie- marked 1 is 
evidently p. The tie marked 3 virtually sustains one end of 
the king-post truss AKb and the weight at J, and hence th^ 
stress on it is I" Q? + p') + ^ = f ^ + ^p^' In the same \*'a;y 
we find that the stress on the tie marked 5 (which is really the 
third tie) is two-thirds of the stress on Z^plu8 two-thirds of the 
weight at i,pho8 the weight at c ; or equal to 2^ + p\ Simi- 
larly, we find that the stress on the n-th vertical tie is 

« . i(n +l)p -{- On-- l>y = 

in(j>+p') +i(i>-/). (191) 

from which it appears that the stress increases as n increases. 

Stre88, upon the BraGe8. — The stress on the first brace 
(marked 2) is i (^ + p*) 8ec 0, in which is the inclination from 
the vertical. On the second it is \_i {p + p*) + f ( ji? + jp')] 
860 =: (p + p') 860 6. Ou the third it is one-fourth of the 
load at a 9JiA,.h^plu8 two-fourths of the load at h and i, plus 
three-fourths of the load at c and j multiplied by 86G 0; or 'f 
(j> + p^) 860 0. And generally, the 8tre88 on the 7^-th brace is 

; Fn=^in{p +p')8ec0 (192) 

in which is the inclination of a brace from the vertical. It 
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will be seen that the stress upon the braces increases directlj 
afi their distance from the support. 

SECOND SOI.1TTION. — Conceivc that a vertical section is 'made 
tiirough the truss just at the right of Jy and it will intersect the 
Tirth division of the rafter, and of the tie and n-th brace (although 
the number of the n-tb. brace is one less than the number of the 
tie ; thus, if the number of bay is 4, the number of the brace 
directly over it is number 8). It is then evident that the sum 
of the horizontal components of the strains in I); and /C will 
equal the tension on the main tie. 

Hence, tn = <?« cos CAD + Fsin c/D. 

Also, the vertical shearing stress in the section equals the sum 
of all the stresses between A smdj ; or 

7^- (n - 1) Q) +y) = Cn «m CAD - Fcob cjD. 

Also the moment of the tension taken about j as an origin, 
equals the sum of the moments of the applied forces ; or 

tn, X jo = V^e — (i? + p') OG — {jp •{- p^)ho — (jp + jp>') 



as before found. 

AD 
We also have cos CAD = -jj^ 

si/n CAD = -TTv 

AG 



rj^-»+ij-^(j>+i>') 



cos <^D = 



_ ^« 



.r, cD < 

«*» CjlJ = -rj: 

. DC . 

30 = -^.Ac 

These values substituted in the preceding equations gire, 
after eliminating i^ 



nc. 



= *[(ir-n)nj^(p+y) 



(Jr. • 
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Ab before given in Equation (187). 

By eliminating o^ from the preceding equations, the value of 
J^ may be found. 

ANAi«T8n OF FIG. 115. — In this case, as has been before 
stated, the verticals are struts and the diagonals are ties. 

Temion on the tie AB, — Suppose that he (the nrth bay) is 




a 



c D 

Fig. 115. 



severed. The truss will then fail by turning about the joint y. 
Tskej as the origin of moments, and we have 

V.fd — in(j> + jpO {n — 1)1 =z t^jc. 



til 



. •. <« = i I (iV^- 1) - (« - 1)1 j^(j> +P') 

Bimilai'ly, the stress on the 7i-th hay of the rafter toUl he 

The stress v/pon the 7^-th vertical stmt will he^ 

i(n + l)p' -^ i{n-l)p 
The stress upon 7i-th tie wiU he 
in (j^'\-jp^ seed 
in which is the inclination of a tie from the vertical. 
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EFFECT OF THE 1¥INB IN THE PRECEDING CASE. — ^We 

must assume the direction of action of the wind when it 
strikes the roof. K the pressure is vertical we may include its 
pressure in p^ in the preceding equations. If it be horizontal 
it will act only on one side, and tend to move the truss horizon- 
tally on its supports, and similarly for any other angle of action 
except a vertical one. 

Let = the angle which the direction of the wind makes 
with the horizontal ; 
i = the angle of the roof with the horizontal; and 
w = the pressure of the wind on each joint. 

Then 

^ — i = the angle of the direction of the wind with the 

roof; and 

w sm (0 -^ i) = the pressure perpendicular to the roof ; 

w 008 {0 ^ i) = the pressure parallel to the slope of the 

roof. 

The latter value will give a pressure downward along the 
rafter when -- iis less than 90®, and the reverse when — i 
exceeds 90°. 

The perpendicular pressure may again be resolved into a ver- 
tical pressure (and may be represented by j?'), and a longitudinal 
pressure which will produce compression or tension, the same 
in kind as that above stated. 

The vertical pressure will be 

w mi {0 -^ i) -^ cosi =p' 
and the corresponding longitudinal component will be 

w 8m {0 — i) X tcmg i ^-, 

and hence the total longitudinal pressure will be 



w 



[en % «m (^ — i)\ 
cos (0 ^ i) T — -. — ' I 
^ ^ 8vn % J 



The vertical pressures must be treated as in the preceding 
cases, excepting that in determining the value of Fwe must 
observe that the pressure will generally be upon one side. It 
is not deemed necessary to give a complete analysis of this case, 
for all the principles which are necessary for its solution have 
been given in the preceding pages. 
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Btahflb. SnppoM that the qmb is 80 feet; depth 16 feet; the load.oo 
the lower chord 3i,000 Iba imif ormly distributed, and on the rafter 48,000 lbs. 
Beqnired the stress np<m the soTeral parts of a trass like Fig, 114, when there 
are eight bays in the long tie. 

We have j/ = %> = 6,000 lbs. 

p rr 3,000 lbs. 
iV=8 
AC = 48.08 feet. 
.*. Aa=: ab =zb6, eta = 10 feet. 

oA = 4 feet. 

ib=z 8 feet. 

/tf = 12 feet. 

CD = 16 feet. 



A6 = V 10» + 4* = 10.73. 

ie - VlO» + 8* = 12.80. 

/D = V 10* + 12* = 15.62. 

teeahbzz: 2.68. 

' Mfi Ms = 1.60. 

tee efD = 1.30. 

see ACD = 2.69. 

From Eq. (187) we haye, by making n = 1, 2, 8, eta 
stress on ^ = i X 7 X 9,000 x 2.69 = 84,735 lbs. 
stress on hi = 72,630 lbs. . 
stress on \f = 60,525 lbs. 
stress on jC :=^ 48,420 lbs. 

From Eq. (189) we have 

stress on a5 = 78,750 lbs. =f stress on Aa. 
stress on be = 67,500 lbs. 
stress on cD = 56,250 lbs. 

From Eq. (191) we have 

stress on oA = 8,000 lbs. 
stress on M = 7,500 lbs. 
stress on of = 12,000 lbs. . 
stress on CD = 16,600 lbs. 

which is the stress dne to the load from Ato D; and hence the total 
on CD is double this amount. 

From Eq. (192) we have 

stresson hb := i x 9,000 x 2.68 = 12,060 lbs. 
stress on tb = 14,400 lbs. 
stress onjD = 17,550 lbs. 

173* — ^ANroTHBB FORn OF HOOF TRumnre is shewn in 
Fig. ll'T, in which the main rafter -4 C^ is trussed by several 
secondary trusses. 
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ABC is the pbiriabt truss, in which A (7 and GB are the 
main rafters, and -4.5 is the long tie rod. The rafter A(J^a 
supported at e by the inverted king-poet truss AbC^ which forms 
the first SECONi>ABT TRUSS, and in which ^ is the strut and 
extends from the middle of -4 (7 and perpendicular to it, to 
where it intersects AB\ and Ab and hC are the tie rods. 
Although Ab appears to be the same or a part of AB^ yet in 
practice they are composed of separate rods. 

The main rafter is still further trussed by the second set of 
rjecondary (or t^tiary) trusses, Aae and ecC^ in each of which 
the struts^ and (2a are perpendicular to thQ. main rafter and 
extend to the tie rods Ah and hC. In this construction it will 
be observed that ec is parallel to Ah^ and ae parallel to hC. 

In this truss it is supposed that all the load is on the main 
rafters, so that if the load is uniformly distributed over the 
rafters, we have 

W = the total load on the roof ; 

N~-= the number of bays in both rafters ; and 

W 
.•. -^ = j? = the load at each of the jcrinte^^, <?, etc. 

The load which is applied at d will be supported d/i/rectly 
by the pieces -4(i and ch^ ftnd according to Eqs, (88) and (89), 
Article 46, we will have for the 

Stress on edt = ^ sin A ; and. • . . (193) 

Stress ondo =j> sm doe ; 

AJQ 

\ . . ^^^JP cos A: = P -JyV» • • •^^ ii • . 4 . . .^(Id^ 
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The weight) ^9 at e produoeB directly the following stresseB : — 

Stress on^tf zrzpsinA; and {^^^) 

Stress on eb =p sin ebA 

= ^co,A=p^ (196) 

But the Btmt ^ also sustains one-half the pressures on do and 
fa ; and hence the total compression on the stmt eb is 

2j>cosA (197) 

For the load^ at^^we have 

Stress on JA = p 9m A (198) 

Stress onfa=^p sin faA 

= poos A ^j?j-Q (199) 

For the load^ at Cy we have 
Stress on ^C^ = ^p sec ACD 

= ^^m « 

But the stress on dc causes consequent stress on each of the 
parts ec, cC and eC, as shown from the inverted king-post ; and 
hence we have for the stresses due to p cos A the following 
values: — 

AU^ 

Stress on dO or ed = ip cos A cot dCc = \p (201) 

AD 

Stress on <7o or «? = \p cosAcosec dec = \p -^^ (202) 

The expressions just found are also applicable to the second- 
ary truss Aae. 

For the secondary truss ^JC we have in a similar manner 
for the load, or stress, 2p cos A, which falls upon eJ, the follow- 
ing values: — 

AU^ 
Stress on^dor eO :=p . n nrk (^^^) 

A D 

Stress (mAloTlOz=zp^ (204) 
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Besides these stresses there is a stress the whole" 
rafters the same as if they were not trussed, which is due to the 
thrust at their upper ends. The amount of this compression is 
given by Eq. (53) and hence is (observing that FT there equals i 
TThere) 

J Wtang 6 sm0, or 

This uniform load, as was shown in Article 20, causes a 
greater compression at the lower end of the several sub-rafters 
than at their upper end. Thus, the compression at the lower end 
of dGvrovld be greater than at its upper end ; but if the load 
be placed at the joints, as we are here considering, the compres- 
sions will be uniform from C to dySt which point it will receive 
an additional stress due to the load at d. It will then be uni- 
form from d to «, where it will receive an additional stress due 
to the load at e, and so on. Although this view of the case- is 
not strictly correct, yet in practical cases, where the parts Af^fe^ 
etc., of the rafter are short, it is suflSciently exact. 

In determining the total compression upon the rafter, we shall 

AO 

have somewhat too great a value if we add \p -^-^ Eq. (200) to 

all the other strains found above, and somewhat too small a value 
if we omit it entirely ; because the load being uniform there is 
no local load at the apex, and the load p placed at that point 
produces a greater strain than if it were uniformly distributed 
over the rafter. I have, however, retained it. 
By collecting results, we have for the 

the stress on AG due to the thrust at (7, 
+ the stress on AG due to the load ( j?) at C, 
4- the stress on Ad due to the load at rf, 
4- the stress on Ae due to the load at e^ 
Stress on Af = ■" + the stress on Ae due to the stress on ^ of 

the truss AhC^ 
+ the stress on J/* due to the load atj^ 
4- the stress on Afdn<d to the strain on^ of 

the truss Aas. 
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The compression on edy due to the trass eeC^ is evidently not 
transmitted to A. 

In a similar way we find the stress on any other part of the 
rafter. Hence we have 

Total Btress on «? = i TT-^^, +i J, ^ + 1^ ^^ 

Total stress 

, , 1J, Aiy ,, AC ^. Aiy ^ CD 

, .^ AU^ ^, AC^. Air , - CD 
°" «^ = * ^DOAO-^^^D^ *^ ACm -^^^AC 

.. , ^ Air . , AG . AD* „ CD 
on /<1 = i Wjy^-^^\p ^+ ii> ^-^^+ 3 j^2^ 

GO. fa =^ jp .^ = stress on ale 

on eJ = 2p -^^ 

on -4.5 = j> . ,y^ = stress on 5(7. 

on ^a = ^j> y^ = stress on ae, ec and eC. 



on ^^ = i TT 



AB 
DC 



ExAHPliB. Let the span be 60 feet^ and rise 15 feet. Also let the main 
rafters be supported at three points by secondary tmssing, as in Fig. 117. 
Let the total load on the trass be forty tons. Bequired the stress cm the 
seToral parts. 

We have 

Tr= 40 tons = 80,000 lbs. ; 

JV^=8; 

p = 10,000 lbs. ; 
AD = 30 feet ; 
C7i> = 15feet; 
^(7= 38.54 feet; 

Ae — 16.77 feet ; 

Af = 8.885 feet =/« = «? = dC; 

fa =4.192 feet; 

twADiDO :: Af\fa,\faz=^ .-^jf^^Af. . 
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Similarly, «& = 8.385; 

Aa =z 9.374 z= ae= eo z= Ce; and 
Ab = 18.748 =bc. 

The stress on the long tie rod AB is 

40,000 X ii = 80,000 lbs. 
The stress on Ab is, according to Eq. (204), 

10,000 X f J = 30,000 lbs. 

The stress on Aa of the trass Aa6 is 10,000 lbs. = the stress on oe, m, and 
eC. 

The stress oneb = 17,889 lbs. 
The stress on Cd = 78,790 lbs. 
The stress on de = '(8,260 lbs. 
The stress on ef = 82,780 lbs. 
The stress on/^ = 87,201 lbs. 

173, — THE PBEVIOUS CASS! HEAT BB RIOBIFIBD aS Bhown 

in Fig. 118, in which the middle strut eb does not extend to the 
long tie rod. In this case the strains on the stmts Ju, eby and 
doj will be the same as in the preceding case, but the strains on 
the tie rods Aby ae^ etc., will be greater than in the preceding 




Fig. 118. 

case, because they make a less angle with their base. For in- 
stance, the stress on eb {2j> cos A) wiU cause a stress of 

jp sec eh Aco8 A, 

on the ties Ab and bG; and similarly for the others. The 
compression due to the total load on the rafter will be the same 
as in the preceding case ; and the total strains will be found in 
the same manner as in the preceding case. 



part 5i- 



GENERAL PEOBLEM OF TEUSSED GIRDEES. 



We have thus far passed from the more simple cases of trussed 
girders to the more complex, determining, as we passed along, 
the effect due to each condition by itself. We may, however, 
proceed in the opposite way, and deduce all these results from 
the general equations of Statics. 

1 75. — GBifKBAii BaiTATioif s. — ^If all the forces which act 
upon a rigid body are resolved in the direction of three co-or- 
dinate axes, we know that the sum of the forces will be zero, 
and the sum of the moments (or statical couples) will also be 
zero when they are in equilibrium among themselves. The 
forces which thus act upon a body are called external forces. 
K now we conceive that the several points which are thus acted 
upon are connected by rigid right lines, the same condition not 
only holds good, but we may find the strains (whether of tension 
or compression) upon these rigid right lines, by conceiving that 
one or all of them are severed, and instead of the tensions wliich 
transmit the stresses, we substitute forces which will produce 
the same effect upon the rigid lines. The forces which we thus 
substitute we call by way of distinction, mtemal forces. The 
internal forces may be treated in all respects like external 
forces. 

Suppose that a frame of any kind whatever, as Fig. 119, is so 
made as to connect all the points of application of the external 
forces ; and that a plane section is made so as to cut several of 
the bars. 

Let P, Pj, Pa, P„ etc., be the external forces ; 
I^y F^y jPly JPly ctc, bc thc intcmal forces. 



Take any convenient point for the origin of rectangnlar co-oi> 
dinatee, and let x and s be horizontal, and y vertical, as in Fig. 
119. 



et-te, «„ x„ etc. 1 
y, y„ y„ etc. V 
s, s„ s„ etc. J 



Let-te, «„ at,, etc. ) be the co-ordinates of the 
point of application of the 
lorcee; 



■j "h "« fil^-) ^6 tJ^s angles which the external foroes 

make with the axis of x ; 
fi, ft, ft, etc., be the angles which they 

make with axis of y ; and 
y, v„ Vf- etc., be the angles which they 

make with the axis of s, 
a, a„ a,, etc. 1 lie the corres^nding angles 
h, S„ h„ etc [■ made by the mternal forces 
c, c„ o„ etc J with ^e axes a:, y, and z. 
Then for eqoilibrium, we have 

Feo»"+ PiCMBi + PiftMi-i + etc, + Fcmh + Fidotai + eto. =01 
Peo»& -hPiiiceSi + P,tot8t + eta, + FeMb + i*, «» 6, + eto. = V (o) 
PftMy + P.WMyi + P, wwyi-i-eto., + J'OMO + FiOOtdi + oto. =0) 

or, more briefly, 

ZPeot<. + IiFeo»(t = li) 

ZPm» ■\-'ZFtotb = \ (») 

^Peoty + ^Feo»e = ] 

We also have 

^ Pit CM a —xeoty) + SP(«(w»« — aow 0) =»\ W 

2P(y«wy-BeMtf) + E f {y «if<J-*«MS)=OJ 

We thns have six independent eqnations of the most general 
form, and by mgans of which we may determine six nnkowm 
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^UAiititieB. If, therefore, in the most general form of tmas, the 
plane section cuts more than six bars of the truss, the solntion 
in regard to the strains is indeterminate, unless conditions can 
be established among them which will give other equations. 
For instance, certain bars inay receive equal strains, certain 
others may be strained half as much, or some ratio may be 
established among them. 

But few practical problems of such a general character ever 
occur, but it is easy to conceive of theoretical ones like the fol- 
lowing. 

^ ExAMPLB. — A tniBB is being raised into position, and is held by ropes, 
which are inclined in varions directions, while the trass is acted upon by its 
own weight, the force of the wind and the ropes. It is required to find the 
condition of equilibrinm among the external forces ; and the stress upon all 
tibe bars in a plane section. 

176.— FOBCB8 IN A piiANSi. — In nearly all engineering struc- 
tures we have only to consider forces in a plane, since the force 
of gravity is the chief force with which we have to contend. 

Suppose that the forces are all in the plane xy. Then all the 
components and moments in regard to z reduce to zero, and 
the preceding Equations become 

S Poosa -^ S Fcos a = ) 

S Foos^ -h S Fcos b = [• ( ^ ) 

X P {xcoB p -- y cos a) -{• S F(x cosh— y cos a) = ) 

This gives us three independent Equations, and hence the 
problem is determinate when the vertical section cuts only three 
bars. 

These Equations may be developed so as to be especially 
applicable to particular cases. . 

1 77. — APPiiiED FORCES ajmYm vEBTiCAii. — In this case a 
will.be 90° or 270° ; and /9 = 0° or 180° 

r'.X P cos^ = S ± P 
li S V = the forces which act vertically upward, and 
X P = those which act vertically dowiiward, we have 

^ Poo8 0=x P ^ X V 

in most mechanical structures the forces which act vertically 
upward are the resisting forces at the supports. 
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' We also have for this case ' ' ' * 

X P cos a = 

And hence Equations (d) become 

S Fco8az=zO 
S PS V+ S Fcos J = 
S F.X— SV.X + S F{x cos l—y cos a) = ^ 

The quantity {x cosh — y cos a) is the lever arm of the 

tbmiF 

Let q^ q^j ete., = the lever amis of the forces ; 

F = the streea on the upper bar in the section ; 

W = the stress on the lower bar in the section ; and 

t^ = the stress on the intermediate bar. ' 

Then Equiations {e) become 

Fcos a + F^cosa, + F^co8C^ = A i : r 
SP. — 5 F + Fsm a + F,sma,.+ F^sma^ = [..(/) 
SP^ ''Sr.x + Fq + F,q,, + F, ?,,= J 

If the origin of moments is taken at the intersection of 
upper chord and the intermediate bar, q and q^ become zero^ 
and the third of the preceding Equations becomes 

S P,x-2: r.x + F,q,=0. . 

Examples. 1. Required the inclination of the chords and of the intermedi- 
ate piece, so that the stress shall be the same on aU of them at aU sections fox 
a uniform load over the whole lengfth. 

We have F = Fi = J^ and the Equations become 

eo8a + eo8airhcas(h =0 

^P— j:V-hF sin a-\-F9mai-hF gin 02 = 

JlPx-LV.(B -i-Fgi =0 

which Equations have three unknown angles and one unknown stress; and 
hence the solution is Indeterminate. 

2. Let the data be as in the preceding problem, and the lower chord liori- 
sontal, or Oi = degrees. 

awa + 1 -f<»»d» = ' 

. •. SP— E F+ Fsina + •{- FHna^ = 
EP.dj-EF.a -^-Fgi =0 

From the second and third of these Equations we have - 
„ -EP« + Er« - EP+S V 

■ If ^=' — ^-— ^ — ss --5 . . 
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wbiob oomUned wiih the first of the preoedii^ set of equatkniB enables one to 
find a and Oa when gi is known. Bat we oannot assume arbitnuy valnes for 
^1 (the depth of the tnus) withont affecting the Talne of a. There are there- 
fore really four unknown quantities, and it is neoessaiy to establish another 
Equation depending upon the form of the truss to make the solution deter 
minate. 
The load being uniform, 

Let t0 = the load per foot of length ; 
X = the span ; and 
a = anj yariable distance from the support ; 

Then E F= iwZ; 

£ T^ = i tdia ; and 

Henoe the preceding Equation becomes 

At the middle, gs=s iL and we have 

dna + tinot = 

cor, a = — Ot or 180*^ + <h 

S. The lower chord being horixontal and uniformly loaded o?er its whole 
length, it is required to find the inclination of the upper chord and braces so 
that that they shall be equally strained.* 

Take the origin of oo-ordinatee at the point where the intermediate piaoa 
intersects the upper chord, and we have g = ^s = 0. 

The load being uniform, we have (w, L and x being the same as in the pre- 
ceding problem) 

EP= tMJ 

LVx = iwIa 

Also let 

JJi = the stress on the lower chord ; and 
A = the depth of the truss at the section oonsideted. 

We also have 

F = Pa, Pi = JS*, and eosGi =1 
Hence Equations (/) beoome 

Feasa + -HI + Feosat = 
WR ^ \ f»L ■\' F 9in a + (i •\- F 96a Ot =0 
i IM? - i tola •¥ Exh =0 



* Solution by 0. W. Mickle, class of 1870, Vniv. nf ISOi. 
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3^ equating the inJnes of .Fdezived from thefintaadMoondof tiieee Bqpia- 
tiODB, we have 

Hi i t0 (£ — da;) 



ea»a ■{• eo9<H iina + rinot 
The ibiid Equation aboTe gives 



.(«) 



Bi = t^^-*> ^^^ 

In tiiese Equations axe tiixee unknown quantities, A, a, and Oa, and hence 
the solution is indeterminate unless another relation is established between 
them. This may be done by assuming a depth for the trass at the middle, and 
dividing the lower chord into a number of equal bays. 

Iiet D = the depth of the truss at the middle ; 
2 if = the number of bays in the lower chord; 

L = the length of the span ; 
{ = Z -t- 2 iy = the length of one bay ; 
a^ =z the ang^e which the n-th bay of the upper dhord makes with the hod- 

sontal; and 
n = the number of the bsy considered. 
Taking the origin of co-ordinates at the middle of the upper chord, we 
have 

A = i> — Ijtawira.-i + tanga^^t + «*o tan^Oki-* | 

I 



tangot = T = 



D — I \tang a^^x + tang a^^^ etc.! 

«=(^-n + 1)1. 
Bq. (fi) becomes 

i t0 (JV*- n + 1) Z (i - {N- n + 1) 



« = 



D — l \tang <K-x + tang a^-a + etc. . . ,Umg o^-. 1 



After substituting these values in Eq. (a), it may be reduced to the form 

in which f», r and Q are known. 

This may be solved by the introduction of an auxiliaEy angle ^ (see " Ghaa« 
venet's Trigonometry," p. 90) by putting 

k Hn ^ =z mx and 
keo9^ = r 

Q Q 

^^ k m r 

As a check upon the oalcnlation, we have 

long a = — \ 



fiSO 
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NCMBRlOAIt BXABEPliB. Let Jf = 4; Z = 840 ; D = 10; aiid.i9:=r 
half ton. 

We have / 

Torn = 1, « = 120, h = 10. J3i = 860.00, tf = 108'36' a = 341'26' 

n = 2, « = 90, ^ = 19.999, JSTi = 16a 77, tf = 61° 18' a = 313*' 69^ 

n = 3, « = 60, A = 51.08, ^, = 52.85, « = 30" 25' a = 329'' 33' 

n =t 4i a; = 30, ^ = 68.72, JJi = 38.2, 6 = 23" 35'. 

A construotion of these results shows a peoaliar f oim of truss. 

^ 4. Required the indinatloii of the upper chord for a uniform load so that 
the stress on the upper chord shall be uniform throughout, for the panel sjs- 
tem, as shown in Fig. 105. 

The equal bays in the lower chord being known, and any depth bs O O ^ k 
Fig. 105, being assumed, we may find a^ which substituted in Eq. (/) (making 
q and gt = o and as = o) gives three Equations, from which we may find F'l 
a and Ft in terms of F. 

•Having found a we may readily find SB, and proceed as before. 

The value of F may be found at the middle by an equation of moments. 

Eesuraing Eqs. (y*), we proceed to fix more definitely the 
values of some of the quantities in 

X them. 

If "the origin of co-ordinates be 
taken at the intersection of the upper 
chord and intermediate bar, we have 
found, page 227, that 

If A = the depth of the trusg in the section which is consi- 
dered, and a, the inclination of the lower chord to the axis of a?, 
as has thus far been assumed, we have the perpendicular from 
the origin of moments* to the lower chord. 

q^ z=z hcosa^ 

: , It is not geuerally necessary to consider more than one force 
at the support, which call V. 

If the origin of co-ordinates be at the middle of the upper 
chord, and the span be Z, the arm of V will be i Z — a?, and 
the particular value of SP>x can be determined when the con- 
ditions of the loading are completely known. 




Fig. 120. 



* The origin of moments may be at any distance from the origin of co-ordi- 
nates. 
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The first of EqB. (/) gives 

hence, the aigebrado siim of the horizontal comj>onents of the 
stresees in the upper chord and the intennediate piece equals 
the horizontal component of the stress in the lower chord taken 
with a contra/ry sign / or, in other words, the resultant horizon- 
tal compression at the joint in the uj>pe?* cJuyrd equals the re- 
stUtant /lorizontal tension in the lower chord. 

If we call tension phis and compression minus^ we shall 
generally have Fcos a positive, and F^ cos a^ negative ; and 
F^ cos ttj will be positive or negative, according as it is a tie or 
brace. If, however, we proceed as is common in mechanics, 
by considering al^ forces as positive and attributing the proper 
values to the signs, it will not be necessary to consider whether 
a strain is compressive or tensive, but only the direction in 
which it mmt act to produce the strain. 

The second of Eqs. {J^) may be reduced to 

Fsi/n a + F.sina, + F^svna^ = SV -SP 
the second member of which is called the vebtical SHSABiNq 
8TKESS ; hence the vertical shearing stress equals the sum of the 
vertical components of all the stresses in the section considered. 
By comparing Figs. 120 and 106, we see that if a^ in Fig. 
120 is positive, and less than 90° ; that in Fig. 106 for 
the corresponding part of the trass will be negative and less 
than 90^ ; or it may be considered positive and between 270 
and 360°, These conditions do not change the sign of cos a^ 

but si/n a^ will have contrary signs in the two cases. 

« 

1 78. — liOWES CHORD HosizoifTAii. — ^In this case a^ = 
0° or 180°, and still considering the forces as vertical, and Eqs. 
(f) are directly applicable to this case. In order to make tlie 
notation conform with that previously used, let 

a = i = the. angle which the upper chord makes with the 
horizontal. 
1 90® — a, = tf = the angle which the intermediate piece 

makes with the vertical ; and 

tn = the stress in the horizontal lower chord ; 

^ = the sti^ew w, the. upper chord; 
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And, taking the origin of coordinateB at a joint in the upper 
chord, Eqs. (^ ) become 

Cncosi + K sin = t^ ) 

Cnsmi + F,co8e= r-l,P } iff) 

tji, = F a?- SP.oj) 

If the intermediate piece is a hrace^ am will be positive ; 
bnt if it be a tie^ sin will be negative, and the Equation will 
become 

CnCOS i — I*[ sin = t^ 
which is the same as Eq. (177) page 182. 

The second of Eqs. (^) is the same as Eq. (178) page 183, add 
the third of Eqs. (ff) would give Eq. (176) when reduced for that 
case. 

Eqs. (ff) are not only applicable to the parabolic arched truss 
as developed on pages 181 to 186, inclusive, but to all cases in 
which the lower chord is horizontaL They are applicable to 
roof trusses in which the angle i is constant. 

179. — VFFBR CHORD HOBIZONTAI<. — Forthis CaSC i z=z 

or 180*^, according as « is positive to the right or left, and Eqg. 

(y) become 

tn cos i^ -\' F^sin0 = Cn ) 

tnsini,'\- t\cos0= V-^P \ (A; 

tnhC0S\ = VX — 2 Px ) 

The amount of the strains in this case is the same as for a 
truss in the preceding case inverted. 

1 80. — BOTH CHORDS HORIZONTAI4. — ^For this case { = 
and i^ = 180°, or the reverse, and Eqs. (^) or (A) become 

Cn + J^^sinO = tn ) 

F,cos0 = r-S P V (i) 

t^h = rx--SP.x) 

These Eqs. cover all cases of parallel chords whether of the 
panel or triangtUar systems. There being three equations, there 
may be three unknown quantities, and the solution be determi- 
nate ; but if there are more than three unknown quantitiea, othei 
relations must be established. 

From the first of Eqs. {i) we have 

tn-Cn = F,sin0y (J) 
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Hence the di&rence in the stresses in the npper and lower 
chords in the same vertical, equals the horizontal component of 
the stress in the in^rmediate piece (brace or tie). 

The second shows that the vertical component of the stress 
in the brace equals the vertical shea/ring stress ; and if 6 and 
Y are constant, F^ will be greatest at the ends, and diminish as 
we pass from the end to the point where the shearing stress is 
zero. This result introduced into Eq. (j) shows that the strains 
in the upper and lower chords approach an equality as we pass 
froxn the end to the point where the vertical shearing stress is 
zero, at which point the strains will be the same in both 
chords. 

The depth being constant, the third of Eqs. (^) shows that the 
stress in tiie lower chord varies directly as the resultant moment 
of the external forces. 

Observing that the P'« in the second number are constant, 
and difEerentiating, we have 

the second member of which is the same as the second mem- 
ber of the second of Eqs. (i), hence the first differential coefficient 
of the moments of the a/pplied forces^ equals the vertical shea/r- 
ing stresSy both taken in the sa/m^e plane. 
If we consider the panel system, 

and let N = the number of bays in the lower chord ; 
p = the load at each joint ; 
n = the number of the bay considered, counting 

from the end ; 
I = the length of a bay ; and 
we have F = i (N — 1)^ 
:fP = (7i~l)i> 

2 Px = (n — 1) ^ X i nZ = i (n — 1) npl 
Hence, Eqs. (^) become 

e^ + IlsinO =z tn 
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J^ CM tf = i (iT- 2 n + l)j> 

tnh = ^ npl {N — n) 

• • ^- 21^ 

which is essentially the same as Eq. (136) ; and 

F^ = i(ir- 2n + l)^«^d 
which is the Talne of the second term of Eq. (128). 

181. — 0A8B OF A HORizoNTAi< BBAK under the action of 
forces which are perpendicular to its axis. 

Betuming to Eqs. («), let jF be the resultant of the internal 
forces at any point. Take the origin of co-ordinates at the 
centre of the section, and let x coincide with the axis of the 
beam (or, as before, be perpendicular to the direction of the 
applied forces, the forces being perpendicular to the beam). 

Then the first of Eqs. {e) shows that the algebraic sum of all 
the forces which act along the beam is zero, or, in other words, 
the sum of the compressions equals the sum of the tensions. 
This principle enables us to determine the position of the neutral 
axis. (Spe " Resistance of Materials.") 

The second of Eqa. (e) shows that the sum of the vertical forces 
in a beam equals the resultant vertical applied forces between 
the section and the end ; and the third shows that the sum of the 
moments of the internal forces equals the sum of the moments 
of the external forces. 

In order to determine the moments of JF" it is necessary to 
know the law of action of the internal forces. 

One of the principal laws is : — ^the strains vary directly as 
their distance from the neutral axis, and gives rise to the 
expression 

in which H = the modulus of resistance to transverse strains ; 
/ = the moment of inertia of the transverse section; 

and 
d^ = the distance from the neutral axis to die most 
remote fibre. 
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Hence, the third Equation beoomes 

Having found H^ the value oiX Fcosa may be found from 
the law just given. These cases are fully discussed in the 
Author's " Kesistance of Materials." 

If the forces are applied in the direction of the length of the 
piece, we will have in Eqs. {d) 

* = 0; a = 

^ = 90°; h-W . 

and the Equations become 

SPy=:SFy 

which are applicable to a column under flexure, and other cases 
in wliich the applied and resisting forces are parallel, but not 
coincident If they are coincident, y = 0, and we have only 
the first of the two Equations remaining, which is directly ap- 
plicable to the elongation and compression of elastic pieces. 
(See " Resistance of Materials.") 

183. — ^PBRFECTI^T FI<EXIBI«£ STSTlEllIS. — ^If a ropC Or 

Other perfectly flexible continuous physical line be secured at 
two points, and loaJed continuously between those points 
according to any law, the flexible string will assume some defi- 
nite curvilinear form. 

When the load is the weight of the string only, the curve is 
called a " catenary." Sup- 
pose that the string is fixed 
at its extremities. Fig. 121, 
and is acted by any system 
of continuous forces. Take 
the origin of coordinates at 
any point b& O; x and & 
horizontal, and y vertical. jPkj^ 121. 

Let t = the tension at any point, as a ; 
to = the tension at the origin, O; -. 
Xo = the horizontal component of the tension at G\ 
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Y0 = the vertical componeiit of the tensioii at the same 

pomt; 
Z^ = the horizontal component of the tension at the same 

point in a direction perpendicular to xy ; and 
JTy Y and Z^ the corresponding components of all the 

applied forces between O and a ; 
% = any portion of the arc, 2& O a. 

Then -j-, -^, — will be the cosines of the angles which 

the curve makes with the resoective co- 
ordinate axis ; and 

t -^ = the component of the tension in the direction of the 

axis of (0 ; and 
t ~r-9 1 -7^ similar values for the axis z and y : and 

Eqs. (5) become 

ds 



X + Xo + ^ -~^ = 



d» 
z + Z, + <-$- = 



(*) 



^='J 



It may be shown that Eqs. {c) give no new relations for this 
case, and hence Eqs. (£) are sufficient. These Eqs. are general, 
and would give the form of the curve of the string in all cases 
if the law of action of the forces were known, and the Equations 
could be integrated. 

For instance, if a heavy string were jdaced in a stream of 
running water, the forces which act upon it would be gravity, 
or the weight of the string, which would be uniform along the 
length of the string (if the string were of uniform size), and the 
force of the running water, the law of action of which might 
not be known. If, however, we assume that the line joining 
the fixed points is the axis of x and is inclined at an angle of 45^ 
with the direction of action of the water, and y is vertical, and 
that the w^ht of the string is w per unit of length,and that 



, *■ 
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the pressure of the water is j> on each nnit of length of the 
projection of the string apon a plane which is perpendicular to 
the axis of the stream ; then Eqs. (k) become 



cos 45' 



> / cos (45« + cos ^-^) ds + ^o+t-^ = 



+ WS+ To+t^ = 

as 



wMch are the differential Eqaations of the curve. 

1 83. — FOBCBs nv A PLANB. — If the applied forces are all 
in a plane, let xy be that plane ; then Eqs. Qi) become 

dx 
It 



, 1- (0 

Y+ r„ + t-^ = 

If the applied forces are normal to the arc, the tension on the 
string will be uniform throughout ; for there will be no tangen- 
tial component among them to change the tension. 

Let^ = the force applied at any unit of length of the arc, 
which may be constant, or vary as some function 
of the arc; and 

P = the total force applied to the arc. 
' Then generally 



F= I pds; 

andX= / i>&(^);and 
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r 



Hence, Eqs. (2) become 



'/^*(D 










Differentiatmg these, giyes 

pdx + td (^\ = 

Squaring these, and adding, gives 

^=w[(-(S))^ (-(!))■] =,^ 

in which p is the radius of curvature at the point whose co-ordi- 
nates are x and y. 

* 13us becomes 

t 

that is, the radius of curvature of a normaUy pressed af^ 
varies inversely as the pressure per unit of length a/t that 
point. But as in such cases the pressure is not uniform over 
the whole length of the unit, we should say that it is what the 
pressure would be per unit of length if the pressure were the 
same that it is at the point considered. 

If the aic is a circle, p is constant, and hence the pressure is 
constant. 

K now the origin of co-ordinates be taken at the lowest point 



of the curve, or where it is horizontal| we shall have Yo = 0, 
and Eqs. (J) become 

dx 
da 



X+ Xo + t^=0 



as 

And if all the applied forces are vertical, X will be zero, and 
we have 



da 



(m> 



From the first of Eqs. (m) we have 

dm 
^ -5- == Xo = to {to being the tension at the lowest point), 

that is, the horizontal component of the tension is constant and 
equal to that at the lowest point. . . 

From the second we have 

ds 

that is, the vertical component of the tension equals the total 
load between the lowest point and the point where the tension 
is considered. 

The form of the curve in these cases can readily be found 
when the law of the loading is known. 

ExAMFLB 1. If the load be tmiform over the horizontal/ as is pxaotioallj 
the case with the suspensioiL bridge, we have 

in which w is the load per tmit of length ; and E<|s. (m) become 

dx 
d8 • 

da 
Bividiiiff the latter l^ the former gives 
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JxdegaAaag onoe gives 



10 

which is the Equation of the common parabola. As to entera into the para- 
meter only, we see that the tension at the lowest point will always be the same, 
for the same parameter and load per onit of length. In this respect the ten- 
sion at the lowest point is independent of the span. 
We also have 



t=toJ^=:U ^^:^^^ =t,Jl+ "^ 



dx dx \ da? 



= u^ 



= *o^ 



1 + 



to* 

which gives the tension at any point of the curve. The tension at the lowest 
point may be found by substituting the co-ordinates of the other extremity. 
2, U the load is a continuous function of the length of the azo, we have 

and Bqs. (m) become 

dx 

di *• 

- = v>$ 



di 



' ' dx to 



Differentiating gives 



da? 



!!Ldx = 



\dx) 



The first integral 






• •* =dx^y ^^d^-dx^di 



~ « = JVop. tog. 
t» 



10 
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wliich reduced gives 



t'A 


J -e J 


which integrated gives 




"*h[ 


to 10 


A 





i 

] 



1 84.-— AN iNTKRSE PBOBi^BM. — If the fomi of the curve is 
known, we may determine the law of loading so that it shall be 
a curve of equilibrium ; or, in other words, the resultant of all 
the forces at any point shall be in the direction of a tangent to 
the curve at that point. 

Suppose that the loading is of uniform densily, and that the 
increase or decrease, as the case may be, of the pressures is 
caused by variations in the depth of the loading. 
Let d = the depttof the loading at the origin ; 
Z = the depth at any other point ; and 
8 = the weight per unit of volume of the loading. 
Then Eqs. {m) become 

dx 

ds 



f^^f. 



t^ = ifZdo> 



ds 
Dividing the latter by the former gives 

dx to 

])ifEerentiating gives 



daf "^ t^ 
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We know that 



(^-D* 



^ daf 

daf 

in which p \a the radios of cnrvatore, and i = the angle which 
the cnrve makes with the axis of x. 

Combining the preceding Equations gives 

At the origin we have p = p^; i = 0; and Z = d. 

.\d=p-OT^ = dp, 

O.po O 

.•. Z = a p^ 

P 

BxAXFLB. 1. — ^If the carve is the arc of a drde, p = ^ and we haye Z =s 

At the extremity of the quadrant we have 

» = 90*.-.Z=QO 

Henoe it is practically impoesible to make a fall-oentred arch a carve ef 
eqnilibriTtm. 

2. Let the carve be a parabola. 
Then we have 

for the Eqnation of a parabola, and 

Henoe, l^ sabitltation we find 

Z=d, 

or the depth of the loading most be constant, or nnif ormly diatribated over the 
r^ «^ as was assumed in the first example of the preceding article. 

THB JSND* 
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DBUOKOTBATIOirS OF A CBBTAIN aBAFHIOAI. SOIitTTIOir. 



P| 




J^oU rrferred to on Page 56. Suppose that Beyeral forces are applied at each 
of the angles of the triangle ABG^ Fig. 122, and are in equilibrium among 
themselves. Let Pi, P% and Ps, be the resultants 
lespectiyely of the several forces which are 
applied at the several angles as shown. These 
forces being in equilibrium may be represented 
in magnitude and direction by the sides of a 
triangle, as a, ^, 0, Fig. 123. Since the forces 
at C, Fig. 122, including the strains in the 
bars, are in equilibrium, they may be repre- 
sented in magnitude and direction by the three 
sides of a triangle. In Fig. 123, draw the lines 
1 and 2 from the extremities of Pi, parallel to 1* 
and 2 in Fig. 122, and they will meet in some 
point as 0, The lines Oc and Oa will represent 
the strains in the sides 1 and 2 of Fig. 122. In a similar way, the forces 2, 
Ps and 3 being in equilibrium at B^ Fig. 122, we draw from 0, Fig. 128, the 
line Od, parallel to BA^ and it must intersect cb at h^ the 
intersection of the lines Ps and P^. 

We thus see that the radial lines dr:awn from the point 
0, parallel to the sides of the triangle ABC^ to the angles 
of the trianglie which represent the external forces, repre- 
sent the strains upon those sides. The same is true when 
the forces are applied at the angles of a polygon and are 
in equilibrium. Hence we have this : 

Theorem. WJien the forces which are appUed at the fzo.ISS. 

angles of a polygonal frame, are in equilibrium among them- 
wives f we find the strains upon the several pieces which form the ccmUmr of tht 



Fig. us. 
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frame^ bjf drawing radkU ik^es J¥mn rni^ paM parattd U the tida €f ^ f^^ 

and eutUng thaee Unee by othen uihich areparaUd 
to the direction qf the fcrem^ and vihoee 9wseemf>e 
intenectionB are en the eueeeerive radial Unei. 
The dietaneee eo eui of an the radial lines wiU 
represent the strain on the corresponding Unes of 
thepofygon. 

If the applied f oicee are pacaUel to each 
other the ooiutnictioa beoomee yeiy aiiiiple, as 
shown in Fig. 40, page 55, and Fig. 41, page 
66. 
Ito. VH, This method msj be applied to internal tniai- 
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TABLE 
Of the MeehatUeai Properties of the MiUeriais of Construetion, 



I^OTB. — The capitals aiBxed to the numbers in this table refer to the following anthocltiea:^ 



B. Barlow. Beport of the OommisBloners of 
tiie Navy, etc. 

Be. Bevan. 

Bn. Bachanan. 

Br. Belidor, Arch. Hjdr. 

Bra. Brunei. 

G. Conch. 

GL Clark. 

D. Daroel, Annales for 1858. 

D. W. Daniell and Wheatstone. Beport on 
the stone for the Honses of Parliament. 

B. Ead& 

F. Faivbaiin. 

G. Grant. 
H. Hodgldnaon. Beport to the Briticih Asso- 

oiation of Sdeoce, etc. 

Ha. HaswelL Eng. and Mech. Pocket-Book, 
1800. 

J. Joomal of Franldin Institnte, yoL XEX., 
p. 461. 

K. Elirwan. 



Introd. ad FhiL Nat. I. 



Ei. XJrkeldy. 
La. Lamd. 
M. Miachembroeck. 
Ma. Mallet. 
ML Mitis. 
Mnshet. 
Colonel Paedey. 

Bondelec L'Art de B&tir, lY. 
Boebling. 

Bennie. Phila. Trans., etc. 
Styffe. On Iron and Steel. 
Thompeon. 



Mt. 
Pa. 
B. 
Bo. 
Be. 
B. 
T. 
Te. 
Tr. 
Iron. 
W. 
Wa. 
Wn. 



Telford. 
Tredgold. 



Essay on the Btrengtti of Oasfe 



Watson. 
Major Wade. 
Wilkinson. 



* Galcalated from the experiments of Fair- 
balm and Hodgklnson. 



Kambb of Matebiai;}. 



Iron, 
Ccut Iron, 



Old Park 

Carron, No. 2— 

Gold Blast. . 

Hot Blast... 
Oarron, No. 8 — 

Gold Blast. . 

Hot Blast... 



Mbtals. 

Antimony — 

Cast 


281.36 


Bismuth 


618.87 


Brass- 
Cast 


525.00 


Wuro-drawn. 


634.00 


Copper — 

Cast 


637.93 


Sheet 


649.06 


Wire-drawn 


560.00 


In Bolts 





■p44 
S 



^1 



441.62 
440.87 

443.87 
441.00 



7 



1,066 M. 
8,260 M. 

17,968 Be. 



19,072 
32,184 
61,228 
48,000 



16,688 H. 
13,605 H. 

14,200 H. 
17,776 H. 






te 



I 



^1 



10,804 Be. 



39,272 Be. 



106,875 H. 
108,640 H. 

116,442 H. 
133.440 H. 



9A 



la 
II 



48,240 T. 

88,666 H. 
87,603 H. 

85,580 P.* 
42,687 F.* 



•8 



OH 



9,170,000 
14,280,000 



18,014,400 T. 

17,270,500 H.« 
16,085,000 H.« 

16,246,966 F. 
17,878,100 F. 



246 



APPENDIX. 



TABLE.— ConHnued, 



N, 



or ICaxbbuza 



Iron, 
OcM Iron, 

DflTOiif No. S^ 

Odd Blast 

Hot Blast 

Boffeiy, No. 1 — 

Ck>IdBlMt 

Hot Blast 

Ooed Talon, No. 3— 

Ck>ld Blast 

Hot Blast 

EUdcar, No. 1— 

Cold Blast 

MUtoo, No. 1— 

Hot Blast 

HnirUrk, No. 1— 

Oold Blast 

Hot Blast 

Uorris Stirling*! 8d qoaU^. 
aim Metal— 



II 



465.96 
451.81 

44S.48 
487.87 

484.06 
486.60 

489.87 

486.00 

444.66 
434.66 



II 




Ameiioaa ........ 

Bztra Spedmens. 



Hammered Cast Steel, from 

F. Krupp 

Temp<nred 

Bessemer Steel, from Hfigbo, 

marked 10 

Bessemer SteeL, Eng. Mean of 

foor Experiments 

Naylor, Yickers St Co. Omd 

ble Steel 

linshet's Steel- 
Soft 

Cast SteeU- 

Soft 

Net Hardened 

Mean Temper, 

Bazor Tempered 

Steel Wire Hope— 

Fine Wire 

Clirome Steel 



Wrought Iron, 



English 

In Bars • 

Hammered 

Kassian 

Swedish, in ban , 

llgwg"''^) in wire 1-10 inch 

diam 

Bossian, in wire ; diam. 1-90 

tol-80iiich , 



89,107 H. 

17,466 H. 
18,484 H. 

18,866 H. 
16,676 H. 



145,486 H. 

93,866 H. 
86,897 H. 

81,770 H. 
82,739 H. 



II 



1(4 



26,764 



696.00 



486.87 
488.70 
498.60 
486.26 



490.00 



I 



91,000 la 
122,000 f **• 
171,000 S. 

140,945 S. 

88,416 F. 
108,099 F. 

98,616 F. 
190,000 



481.20 
475.60 
487.00 



160,000 

40,000 -Bo. 
196,000 



119,000 



14,000 
to 
84,000 Wa. 
45,970 Wa. 



86,288 H.* 
43,497 H.* 

87,603 H.* 
86,816 H.* 

88,463 F.* 
88,696 H.* 

84,687 F.* 

89,889 F.* 

86,693 F.* 
88,860 F.* 



•83 



226,668 F. 
226,668 F. 



( 



198,944 Wa. 
891,966 Wa. 



67,800 La. 
67,800 La. 

67,200 Bra. 

60,480 La. 

71,680 R. 

80,000 Te. 

96,000 Te. 
184,000 La. 
808,000 La. 



88,907,700 H. 
22,478,660 H. 

16,881,200 H. 
18,780,600 H. 

14,818,600 F. 
14,823,600 F. 

18,961,000 F. 

11,974,600 F. 

14,008,660 F. 
13,294,490 F. 



27,648;000 Wa. 



81,859,000 S. 

81,819,000 S. 
89,816,000 F. 
80,878,000 F. 
81,901,000 F. 

29,000,000 
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TABLE.— Continued. 



Names or Matxbials. 






^ 



Wrought Iron, 



8* 



BoUed in eiheets and cat 
wise 

Cut lengthwise 

In chains, oval links, lion X 
in. diam 

Wire, American 

Lake Superior and Iron 
Mountain Charcoal Bloom. 

Missouri Iron, bar 

Tennessee, bar, 21 exp .... 

Salisbury, Gt, 40 exp 

Centre Co., Fa., 15 exp. . . 

Phillipsburgh Wire, Pa. 

( 0.8:33 in., 13 exp 

Diam.x 0.190 in., 6 exp., 

I 0.156 in., 6 exp., 

Mean of 188 rolled bars. . . , 

Mean of 167 plates length- 
wise , 

Mean of 160 plates crosswise. 

Low Moor, bars 

Swedish, forged 

Hammered Bessemer Iron, 
from HUgbo 

Low Moor Boiled Paddled 
Iron 

BoUed Iron, Swedish, char- 
coal heath... 






M> 






Lead, cast, English. 
Lead Wire 



BilTer, crtandaid, 
Tin, cast 



717.45 
705.12 

644.60 

465.68 



Zinc 489.25 



SroinB— Natusaii Aim Abtz- 

WICUIm 

Gfranttet, 



Aberdeen, bine 

Oomish 

KiUinoy, very f elQmthio. 
Mount SarreU, gnmite. . . 



Sfandatonet. 

Caithness Pavement , 

Dundee Sandstone , 

Derby Grit, a red, friable 

Sandstone 

Do. from another quarry. . 

Limettonet, 

Limestone, Magnedan (Qxaf- 
tan, SL) 



40,820 ML 
81,860 Mi. 

48,160 Br. 
78,600 Ha. 

90,000 Ha. 
47,909 J. 
62,099 J. 
58,009 J. 
68,400 J. 

84,186 J. 
78,888 J. 
89,162 J. 
W,557ia. 

60,787 Ki. 

46,171X1. 

60,364 Ki. 
J 41,000 KL 
1 50,000 KL 





If 



65,000 8. 

1,824 Be. 
2,681 M 

40,902 M. 

6,822 m. 



164 
166 



166 



158 

148 
156 



I 






} 



10,914 Be. 
6,856 Be. 
10,780 Wn. 
12,286 7. 



6,498 Bn. 
Be. 



82,820,000 8. 
81,976,000 8. 
27,000,000 8. 



4,608,000 Tr. 
18,680,000 Tr. 



8,149 Be. 
4,845 Be. 



17,000 B. 



Same as W*^ 
Iron. B. 
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TABLE.— QmUnued. 



Namu ow Uaxmmuxjl 



limutonu, 

LinuwtoDe, oompaot 

Limestone, Keny, Listowel 

Quarry^ Bng 

Ohalk 



Otksr StoniM, 

▲lAbaiter (OrientalX white.. 

Marble, Btatuary 

Do. white Italian, Teined . 
Do. black Ghilloway 

Portland Stone (Oolite) 

Valentia, Kerry (slate stone). 

Green Stone, from Giaat^s 
Oanseway 

Quarts Rock, Holyhead 
(across Inmination) 

Quarts Rock (parallel to lami- 
nation) 

Gravel 

Green Moor 



Art^flcua Storu, 



Brick, red 

Brick, pale red 

Brick, common 

Blre Brick, Stourbridge 

Brick, Stock 

Bricks set in cement (bricks 
not very hard) 

Brick Masonry, common. . . . 



dement, Portland, with sand. 

Oement, Portland, with no 
sand 



Oement, Portland. 

Ohalk 

Glass, Plato 



Mortar 



TncBKB. 



Acacia, Bnglish. 

Alder 

Apple Tree 

Bay Tree 

Bean, Tonquin. 

^®®°**i Very Dry.*!!! 



11 

II 



litt 



170 



166 
168 
161 



ISO 
168 



186.6 
180.81 



116.81 
168.81 

107 



47.87 
60.00 
49.66 
48.12 
66.81 
61 87 
67.61 
63.87 
46.13 




S80 
800 



j 03 to 
1384 D. 

j487to 
1711 



0,430 
60 



16,000 Be. 
14,186 M. 
19,600 Be. 

i 17,307 B. 

12,896 



16,784 B. 
17,860 B. 




7,718 Be. 

18,048 Wn. 
601 Be. 



8,816 Be. 
0,681 Re. 
0,319 Re. 
8,793 Re. 
10,948 Wn. 

17,330 Wn. 

96,600 Ma. 

14,000 Ma. 

3,010 Be. 



808 Re. 

663 Re. 

j 800to 

1 4,000 Ha. 

1,717 Re. 

2,177 Ha. 

631 OL 
( 600to 
1 800Ha. 



} 



J 1,000 to 
16,900 G. 

884 Re. 



130 to 
340 Ha. 



6,869 H. 

8,688 H. 
9,868 H. 
7,168 H. 



7,738 H. ) 
9,868 H.f 



\ 



ir 



1,063 
8,664 






36,300,000 T. 



11,303 B. 



I 13,166 B. 

80,886 B. 
9,886 B. 



1,162,000 B. 



1,644,800 b. 

8,601,600 B. 
1,863,600 B. 
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T ABLE.-^ CanUnued. 



aw ICATSBZAUk 



Btrchf ooinxnoii...««.< 

Biroh, Amerloan 

Box, dry 

Bullet Tree (Berbioe).. 

Caiie 

OedaTf OanacUan 

Giab Tree 

Deal— 

Ohristiana Middle. 
Norway Spsraoe . . . 

English 

Bed 

White 

Blder 

Elm, seasoned 

Fir- 
New England..... 

Biga..: 

Haeel 

Lanoe Wood 

Larch — 

Green 

Dry 

Lignnm-yitsB 

Kii^ogany, Spanish... 

Maple, Norway 

Oak- 



English.. 



Canadian 



DantEic 

Adriatic 

African Middle... 

Pear Tree 

Pine- 
Pitch 

Bed 

American Yellow. 

FhunTree. 



Poplar 

Teak, dry.. 

Walnut 

WIDOW, dry. 



n 



49.S0 
40.60 

eo.oo 

64.81 
26.00 
66.81 
47.80 

48.63 
SI .26 
29.87 



43.48 
86.75 

84.66 

47.06 

63.75 
68.87 

82.63 
86.00 
76.26 
60.00 
49.66 

68.37 

64.60 

47.24 
63.06 
60.75 
41.81 

41.26 
41.06 
28.81 

49.06 

28.98 

41.06 
41.98 
24.87 




16,000 
'i9,*891B.* 



6,800 Be. 
11,400 Be. 



13,400 

17,600 

7,000 



10,280 
ia489M. 



j 11,649 to 
■j 12,867 B. 

18,000 Be. 

24,696 

10,220 B. 
8,900 B. 
11,800 M. 
16,600 
10,684 

17,800 M. 

10,268 
12,780 



7,818 M. 



11,861 

7,200 

16.G00 B. 
8,180 m. 
14,000 Be. 




j 4,688 H.) 
1 6,403 H. f 
11,663 H. 
10,299 H. 



6,674 H. 
6,499 H. 



^748H. 

6,741 H. 

8,467 H. 

10,881 H. 



6,748 to 
6,686 H. 



8,201 H. 
6,668 H. 

8,198 H. 



(4,684 to 

■ 9,609 H. 

4,231 to 

' 9,609 H. 



7,618 H. 



6,876 H. 

6,445 H. 
(8,667 to 
' 9,367 H. 

8,107 to 

" 6,124 H. 

12,101 H. 

6,636 H. 



II 
•gs- 



a 



10,920 B. 
9,624 B. 

16,686 B. 



9,864 B. 



6,078 B. 

6,612 B. 
6,648 B. 
7,672 B. 



4,992 B. 
6,894 B. 



10,082 B. 

10,696 B. 

8,742 B. 

0,208 B. 

18,666 B. 



9,793 
8,946 B. 



14,733 B. 




1,663,400 B. 
1,357,600 B. 

3,610,600 8. 



1,673,0008. 



699,840 B. 

2,191,300 B. 
1,838,800 
869,600 B. 



807,600 8. 
1,063,800 b. 



1,451,200 B. 

3,148,800 B. 

1,191,200 B. 

974,400 B. 

3,288,300 8. 



1,836,600 8. 
1,840,000 B. 
1,600,000 Tr. 



3,414.400 8. 
806,000 
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